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Abstract: A major hurdle for blood-based proteomic diagnostics is efficient transport of specimens
from the collection site to the testing laboratory. Dried blood spots have shown utility for diagnostic
applications, specifically those where red blood cell hemolysis and contamination of specimens
with hemoglobin is not confounding. Conversely, applications that are sensitive to the presence
of the hemoglobin subunits require blood separation, which relies on centrifugation to collect
plasma/serum, and then cold-chain custody during shipping. All these factors introduce complexities
and potentially increased costs. Here we report on a novel whole blood-collection device (BCD) that
efficiently separates the liquid from cellular components, minimizes hemolysis in the plasma fraction,
and maintains protein integrity during ambient transport. The simplicity of the design makes the
device ideal for field use. Whole blood is acquired through venipuncture and applied to the device
with an exact volume pipette. The BCD design was based on lateral-flow principles in which whole
blood was applied to a defined area, allowing two minutes for blood absorption into the separation
membrane, then closed for shipment. The diagnostic utility of the device was further demonstrated
with shipments from multiple sites (n = 33) across the U.S. sent to two different centralized laboratories
for analyses using liquid chromatography/mass spectrometry (LC/MS/MS) and matrix assisted laser
desorption/ionization-time of flight (MALDI-ToF) commercial assays. Specimens showed high levels
of result label concordance for the LC/MS/MS assay (Negative Predictive Value = 98%) and MALDI-ToF
assay (100% result concordance). The overall goal of the device is to simplify specimen transport to
the laboratory and produce clinical test results equivalent to established collection methods.

Keywords: blood collection device; diagnostics; clinical proteomics; MALDI-ToF; Multiple Reaction
Monitoring (MRM)

1. Introduction

Blood is a common biofluid matrix for research use and clinical diagnostic test development as
the information available provides valuable insight into the health of the individual. Blood plasma
separation is often the first step in blood-based clinical diagnostic procedures and centrifugation is
the gold standard method for plasma separation. However, access to the appropriate centrifuge is
often limited at draw sites for commercial specimen acquisition. In addition, maintaining sample
integrity of the plasma fraction following centrifugation requires cold-chain logistics. Dried blood
spots (DBS) are an attractive option as they eliminate the need for centrifugation and cold-chain
logistics and have been amenable to numerous analytical techniques and assays [1,2]. DBS are currently
used in newborn screening programs worldwide [3]. DBS with mass spectrometric analysis have had
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significant interest from the bioanalytical community to support toxicological and therapeutic drug
analysis [4,5]. There has also been increased interest from the proteomic community in incorporating
DBS into the development of diagnostics [6–10]. However, one of the major issues with DBS in the
context of proteomics is variability in hematocrit between individuals which can alter the measured
analyte concentrations, thus confounding downstream applications [11,12]. To minimize issues with
blood hematocrit, volumetric collection of whole blood followed by analysis of the entire sample has
been demonstrated to be effective [13,14]. In addition, devices have been developed that separate the
“plasma-like” fraction from whole blood without the need for centrifugation [15–17]. Since these devices
separate the Red Blood Cells (RBCs) through filtration, the analyte concentration could be altered when
compared to plasma generated with centrifugation. Thus, correlation of analyte concentration from
dried matrix specimen collection techniques should be compared with traditional sample matrices
(blood, plasma, or serum) [18,19]. Numerous publications highlight additional challenges and propose
analytical guidelines to ensure accurate and reliable data is produced [20–22]. In this study we
evaluated the hemoglobin content in the dried plasma region after separation in a Blood Collection
Device (BCD) as a confounding residue.

Proteomics has traditionally been dominated by bottom-up workflows which consist of proteolytic
digestion of the sample followed by liquid chromatography-mass spectrometry (LCMS) analysis of
peptides [23]. The LCMS platform has proven effective for protein identification and quantification.
The use of LCMS has been valuable in global proteomics for biomarker discovery and subsequent
targeted quantitative proteomics for candidate biomarker verification [24]. Extension of the LCMS
platform into the clinical setting has significant advantages over more traditional immunochemistry
clinical assays in that the molecule of interest is directly measured. The immunochemical clinical assays
measure signals generated secondary to the analyte, thus there is no differentiation in the measurement
between the analyte and non-specific binding leading to reduced specificity [25]. However, transfer of
the mass spectrometry bottom-up workflow into routine clinical diagnostics has been slow due to
non-robust method design, clinical validation, and regulatory requirements [26]. With continually
improved instrumentation and more robust workflows, LCMS-based proteomics has the potential
to make continued advancement into clinal diagnostics [27]. In addition to LCMS-based platforms,
the matrix assisted laser desorption/ionization-time of flight (MALDI-ToF) mass spectrometry platform
is a very attractive option for clinical applications due to ease of use, low operating costs, and high
throughput which leads to low cost per sample [28,29]. Though the platform does have its own
limitations, MALDI-ToF has been successfully implemented for routine microbial species identification
in clinical microbiology [30,31]. The use of MALDI-ToF has also shown utility in personalized medicine
to stratify patients into responders and non-responders for personalized drug treatment options [32].

Presented here is a novel BCD designed with the intended use for downstream proteomic
applications. The device accepts whole blood and separates it into cellular and liquid fractions;
the separation of RBCs minimizes hemoglobin abundance in the liquid fraction which can cause
confounding results for some applications [13]. The design criteria for the BCD is listed as follows:
(1) accepts whole blood as the specimen type, (2) separates the cellular fraction from the liquid fraction,
(3) minimizes hemoglobin abundance in liquid fraction, (4) minimizes protein degradation at ambient
temperature for at minimum seven days, and (5) provides diagnostic result concordance with currently
validated blood-collection methods for commercially available clinical proteomic-based tests [33–35].
The ability to provide a low cost, simple to use blood-collection device eliminates the need for field
sample centrifugation and frozen plasma transport, which increases availability of clinical proteomic
tests to a wider patient population.



Diagnostics 2020, 10, 1032 3 of 14

2. Materials and Methods

2.1. Design of Blood-Collection Device

The design of the BCD is based on the principles of lateral flow where whole blood is separated over
a membrane into cellular and liquid fractions. The blood separation membrane (LF1, GE Healthcare
Bio-Sciences Corp, Piscataway, NJ, USA) in this device is enclosed in a dual hinged cassette. The dual
hinge design has one door specific for blood application, and a second door for sample retrieval.
To promote even flow of blood along the separation membrane, it lies flat against the bottom of
the cassette. A desiccant pack is positioned in the hinged door directly over blood application area.
The desiccant promotes quick drying of the whole blood specimen when the cassette is closed, as it
was observed that hemoglobin levels increased in the separated liquid fraction the longer the specimen
remained wet. The desiccant pack is held in place mechanically to avoid outgassing of adhesive
into the separation membrane. The mesh in the blood application area provides a defined region for
blood application, stabilizes blood movement while it is absorbed into the separation membrane and
distributes blood flow evenly across the width of the device. The length of the separation membrane
(85 mm × 17 mm) was optimized such that the fluid portion of the blood will migrate to the end of the
device when ~250 µL of whole blood is deposited at one end. A single use disposable exact volume
transfer pipet (P/N 139118, Global Scientific, Mahwah, NJ, USA) was used to deposit the blood on
the device.

2.2. Collection of Whole Blood

Whole human blood was obtained by venipuncture by a licensed medical specialist from three
separate cohorts: (1) previously diagnosed with non-small cell lung cancer (NSCLC), (2) patients with
existing lung nodules and (3) normal healthy volunteers. Studies were Institutional Review Board
(IRB) approved through Advarra IRB (31515, approved on 15 November 2018 and 33493, approved
on 22 February 2018) and all patients were consented before any study activities were performed.
Normal healthy donors were consented under Biodesix protocol for normal human donors. For blood
collection with the BCD for all cohorts, blood was drawn into a 3 mL K2EDTA tube (Greiner Bio-One,
Kremsmünster, Austria) and a 250 µL exact volume transfer pipet (Globe Scientific, Mahwah, NJ,
USA) provided with the device was used to transfer blood to the BCD. The device remained open for
approximately 2 min to allow the blood to absorb into the separation membrane before the cassette was
closed and packaged in a moisture tight envelope for overnight delivery. Additionally, for the NSCLC
cohort, blood was taken from the same K2EDTA tube with a second transfer pipet, and 3–4 drops of
whole blood were placed in the defined application area of a commercially available blood-collection
device, defined as “reference” in this study (HemaSpot-SE, Spot on Sciences, San Francisco, CA,
USA). Blood taken from the same tube should minimize potential differences with the associated
phlebotomy. The device remained open for approximately 2 min to allow the blood to absorb into the
separation membrane before the cassette was closed and packaged in a moisture tight envelope for
overnight delivery. For the cohort with existing lung nodules, in addition to collection of the BCD,
matched plasma samples were obtained and processed through a clinically validated Multiple Reaction
Monitoring (MRM) assay [35].

2.3. MALDI-ToF Profiling

Specimens were extracted from the BCD separation membrane with a 3 mm punch (Whatman, UK).
Unless otherwise noted, three evenly spaced punches were obtained laterally along the center of the
separated liquid portion of the device. The punches were typically taken one-two days after whole
blood was applied, to allow for shipment of specimen from sites across the country. All thee punched
disks were placed in a single 1.5 mL Eppendorf tube and eluted with 50 µL of high performance
liquid chromatography (HPLC) grade water (VWR, Radnor, PA, USA) and processed as previously
described [34]. Specimens were extracted from the reference device with a single punch and processed
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in accordance with the clinical assay protocol [34]. In brief, equal volumes (20 µL) of extracted specimen
and MALDI sinapinic acid matrix were mixed for 1 min, then 2 µL was manually spotted in triplicate
on the sample target and allowed to dry on the bench. MALDI-ToF mass spectra were obtained
in linear mode on an AutoFlex Speed (Bruker Daltonics, Billerica, MA, USA) from m/z 3000–30,000.
A total of 2000 laser shots were collected per spectra (100 shots per laser spot) with the ion intensity
threshold feature enabled. Each spectrum was evaluated with built-in quality control (QC) metrics
for minimum number of peaks, noise level, and peak alignment, and the spectra were then visually
inspected. Spectra were processed through an algorithm that produced a binary classification [33].
Classification labels were only obtained if all three technical replicates agreed.

2.4. Multiple Reaction Monitoring

Plasma specimens from the cohort with existing lung nodules were processed through a MRM
clinical assay previously described [36,37], and the matched specimen from the BCD was processed
through an analogous MRM workflow [38]. Results from both test processes were evaluated for
concordance. Briefly, for specimens that were procured with the BCD, an area 1.7 cm wide and 1.5 cm
in length was excised from the plasma region of the membrane of the BCD starting approximately
0.5 cm from the end of the RBCs. The decision to remove a section established a repeatable area for
protein extraction and minimized the potential for heterogeneity across the membrane. The section was
quartered and placed into a 0.45 µm centrifugal spin filter (VWR, Radnor, PA, USA), 80 µL of PBS was
added and vortexed for 5 min. The sample was centrifuged for 2 min at 12,000× g. High abundance
proteins were removed with depletion HPLC utilizing an Agilent 1260 HPLC with a Multiple Affinity
Removal System (MARS) Column Human 14 (Agilent, Santa Clara, CA, USA). Depleted samples
were enzymatically digested with 33 µL of 0.5 mg/mL trypsin (Worthington Biochemical Corp.,
Lakewood, NJ, USA) for 4 h at 37 ◦C on an orbital shaker (250 RPMs). Following digestion, Stable
Isotope-labeled Standards (SIS) peptides (New England Peptide, Gardner, MA, USA) were added,
and the specimen was purified with Solid Phase Extraction (SPE) using a C18 96-well solid phase
extraction plate (Tecan, Männedorf, Switzerland). Samples were eluted by adding 200 µL 48/52
(acetonitrile/0.1% TFA in water). The samples were split evenly into two separate 96-well plates and
evaporated to dryness overnight. The dried samples were then reconstituted with 12 µL 10/90/0.1%
acetonitrile/water/formic acid. A HPLC (1290) coupled to a triple quadrupole mass spectrometer (6490)
was used for sample analysis (Agilent, Santa Clara, CA, USA). Chromatographic peak areas of the
quantitative transitions were determined using MassHunter Quantitative Analysis software (version
B.05.00, Agilent, Santa Clara, CA, USA).

3. Results and Discussion

3.1. Whole Blood Separation

The device was designed to accept whole blood and to separate the cellular and fluid fractions.
A conceptual design of the BCD is shown in Figure 1.

The separation membrane impedes the flow of larger particles while the soluble components
flow freely throughout the device. Figure 1 shows the separation of whole blood that occurs in the
device. There is clear separation between the red blood cells and the liquid portion of the blood.
It is typical for the red blood cells to travel approximately halfway across the device while the fluid
fraction migrates to the end of the strip. However, the exact travelled distance will depend on the
hematocrit level and blood viscosity of the specimen. Though the device does not require addition of
accurate blood volume for the presented applications, use of the exact volume transfer pipet removes
the variability associated with the application of drops of blood. Based on total protein concentration,
it was determined that a 1 cm2 section from the fluid fraction of the device is equivalent to 7.8 µL of
plasma with a coefficient of variation of 21% (Supplementary Figures S1 and S2). The experimental
design of the assays investigated account for the variability in eluted protein content by measuring
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relative protein abundance with MALDI-ToF assay or peptide ratios with the MRM assay. The ability
of the BCD to separate the blood into its components reduces sample preparation time and complexity
for the health care professional performing specimen collection.
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Figure 1. A. Schematic illustration of the blood-collection device. B. Representative separation
membrane after application of whole blood showing separation of the red blood cells from the liquid
portion of whole blood.

3.2. Spectral Hemoglobin

Significant amounts of free hemoglobin in plasma may occur following disruption of red blood
cells (RBCs). Normal blood draw procedures cause a limited degree of unavoidable disruption and may
result in small amounts of free hemoglobin. The free hemoglobin is likely to increase with a traumatic
blood draw or prolonged exposure of the non-cellular milieu to red blood cells post-draw as they lyse
and release hemoglobin. For MALDI-ToF profiling experiments, which rely on the qualitative peak
heights in the spectrum, if the amount of free hemoglobin is excessive it will dominate the spectrum,
suppressing less abundant species and limiting the dynamic range of the assay. Thus, if the RBCs are
disrupted before plasma separation, the hemoglobin peaks become significant and can result in quality
control failures and uninterpretable test results. Figure 2 displays the average spectrum obtained with
the BCD compared to the reference device. Both the α and β subunits of hemoglobin are observed at
m/z 15,127 and m/z 15,868, respectively. It is not uncommon for the hemoglobin peaks to be among
the most abundant peaks observed in the spectrum when the reference device is used for specimen
collection as shown in Figure 2B.

A prospective field concordance study of NSCLC patients was performed with 112 matched
specimens collected with both the BCD and a reference device. The reference device has been previously
validated as an acceptable blood-collection device for the MALDI-ToF clinical assay and is in current
commercial use. A histogram for both devices that shows the distribution of hemoglobin content is
shown in Figure 2C.

The spectral hemoglobin content is calculated as the percentage of the integrated area of the
hemoglobin peaks relative to the total integrated intensity of all peaks in the spectrum. Each device in
the study was binned based on the total spectral hemoglobin content. With the BCD, many devices
exhibited low spectral hemoglobin content with the majority of the devices falling within the first two
bins (0%–3% and 3%–6%). The reference device had a broader distribution of hemoglobin content
when compared to the BCD. Overall, there was an approximate 40% reduction in the average spectral
hemoglobin content with the BCD, with a median reduction of 55%. In the study, where devices are
being spotted in the field by phlebotomists and not in the laboratory, one reference device was rejected
during initial receipt of the device due to hemolysis and an additional three samples processed from
the reference devices were rejected upon visual inspection of the spectra due to excessive hemoglobin
content. In contrast, none of the samples processed from the BCD failed due to excessive spectral
hemoglobin content.
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Figure 2. Typical matrix assisted laser desorption/ionization-time of flight (MALDI-ToF) mass spectra
of the separated liquid fraction obtained from A. the blood-collection device (BCD) and B. Reference
device (HemaSpot-SE). C. Histogram of the percentage spectral hemoglobin content for each of the
devices (n = 112, bin size is 3%) obtained in the concordance study. The histogram counts the number
of devices that were received that fall within a defined range of spectral hemoglobin content.

3.3. Protein Concentration Gradient

Following plasma separation from whole blood on the BCD, approximately half the separation
membrane is available for specimen extraction. To characterize the uniformity of the protein content
across the separation membrane, multiple punches (5) were taken laterally across the device as shown
in Figure 3. Three normal healthy donors, three devices spotted per donor, five punches per device
were analyzed individually and ran in triplicate for a total of 135 measurements. The total spectral
intensity and spectral hemoglobin content was recorded at each punch position and results are shown
in Figure 3.

There is a slight observable trend in total spectral intensity content across the separation membrane
for donor 1 and none for donors 2 and 3. Overall, the difference in total protein laterally across the
separation membrane is likely lower than the variability associated with MALDI signal generation.
Perhaps more importantly, each sampling location across the membrane (A though E) produced a
valid diagnostic label when processed using the clinical MALDI-ToF assay, indicating that the entire
separated liquid fraction has sufficient protein content available for analysis. In contrast to total protein
content, the spectral hemoglobin content showed a consistent decreasing trend the further from the
RBCs the sample was procured, and this was true across all three donors. The p values between select
sample locations are shown in Figure 3.There is a significant difference in spectral hemoglobin content
across the separation membrane for both donors 1 and 2. For donor 3 there was a significant difference
between the first and middle locations, but no difference between the middle and end locations, likely to
be due to the low initial spectral hemoglobin content (~2–3%). These concentrations of hemoglobin
observed for donor 3 are representative of samples generated through centrifugation-based methods
with minimal RBC disruption. Thus, we would not expect to see values much lower. There was no
observed correlation between the total ion current and the hemoglobin content. One likely explanation
for the observed hemoglobin gradient is that a few of the RBCs continue to rupture during the lateral
separation of phases - when rupture happens early in the process, the hemoglobin will migrate the full
length of the strip, while those RBCs that rupture after the liquid has migrated to the end of the strip
will result in minimal hemoglobin migration. Once the strip is dried the hemoglobin will be fixed,
hence it becomes important to dry the sample quickly after sample separation to minimize hemoglobin
movement along the strip. To improve specimen drying time and capacity an additional desiccant pack
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is placed within the shipment pouch. For the clinical assay, punches are typically procured around
locations B-D in Figure 3A to capture potential variation in protein concentration while minimizing
spectral hemoglobin content.
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Figure 3. A. graphical representation of the whole blood separation strip and location of the punch
position in the liquid portion. B. Total ion current at each of the punch positions for three different
donors. Each bar is the average of nine spectra. C. The hemoglobin content in the spectra at each of the
punch positions. P-values were calculated between positions (A and C) and (C and E). Results show a
clear decrease in the hemoglobin content for each of the donors the further the punch is taken from the
red blood cells (RBCs).

3.4. Specimen Stability

One design criterion for the device is the facilitation of field collection of patient specimens and
shipment to a centralized testing facility for analysis. Therefore, the specimens need to remain stable
within an appropriate temperature range for transport. To test specimen stability for the MALDI-ToF
clinical assay, donor whole blood specimens were collected from two healthy individuals by a licensed
phlebotomist; each donor’s blood was spotted onto 20 BCDs, sealed individually in a desiccant pouch,
and allowed to dry for 2 h. Four BCDs from each donor were then incubated under each of the
following conditions before analysis: −20 ◦C (18 h), ambient temperature (18 h), and 40 ◦C (2, 6 and
18 h). For the MALDI-ToF assay, which generates a binary classification result [33], all specimens at
all time points and temperatures generated a clinically valid classification test result, (see Table 1).
The results of the analysis ‘pass’ when all four BCDs from each temperature/time point produce the
same clinical classification.

Table 1. Results from the temperature stability study for the MALDI-ToF assay.

Temperature Duration Donor 1 Donor 2

Ambient 18 h Pass Pass

−20 ◦C 18 h Pass Pass

40 ◦C 2 h Pass Pass

40 ◦C 6 h Pass Pass

40 ◦C 18 h Pass Pass
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For the MRM assay, the same temperatures and time points were investigated (four BCDs each)
for a single donor. The results are shown in Figure 4. The peptide ratios for all conditions appeared to
be similar, and there was no significant difference observed. For both proteomic assays investigated,
the specimens of interest were determined to be stable on the BCD over the temperature range and
duration evaluated. Thus, the stability results indicate that the BCD is well suited for in-field collection
and transport of blood specimens to testing facility.
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Figure 4. Peptide ratios measured by the Multiple Reaction Monitoring (MRM) assay for specimens
applied to the BCD, dried and subjected to incubation at extreme environmental temperatures that may
be encountered during transport. The error bars represent one standard deviation from the mean.

To test specimen stability over an extended period, whole blood samples were procured from three
consented normal heathy donors by a licensed phlebotomist. Ten BCDs per donor were spotted and
sealed individually in desiccant pouches and stored on the bench at ambient temperature. One BCD
from each individual was analyzed by MALDI-ToF each day and processed through the clinical test
workflow, starting the day after the device was spotted. The BCD was evaluated on the ability to
produce a clinically valid diagnostic test result. Spectral intensity was also monitored for specimen
degradation. It was expected that as the specimen degrades the total spectral intensity would decrease.
Thus, if degradation had occurred the spectra would fail to be collected (below signal intensity
threshold) and fail the QC criteria or visual inspection. In this study, all specimens across all analysis
time points produced a clinically valid test result. Therefore, the specimen remains stable on the BCD
for extended time periods at ambient temperature, which is important if the initial analysis of a clinical
specimen produces an invalid result and needs to be reanalyzed. The total spectral intensity for each
specimen in the 10-day stability study did not show a significant trend in reduction of ionizable protein
over the course of a week (Supplementary Figure S3). The MALDI-ToF assay is a qualitative test
which relies on the relative ratio of spectral abundance of proteins. Therefore, even if the total spectral
intensity changes, the protein ratios should remain consistent (Supplementary Figure S3). The whole
protein specimen on the BCD remained stable, in that clinically valid test results were generated for
the duration of the 10-day study.

3.5. MALDI-ToF Assay Label Concordance

The reference-collection device was previously validated for whole blood specimen collection and
transport for the multi-variate proteomic MALDI-ToF mass spectrometry-based assay in our Clinical
Laboratory Improvement Amendments (CLIA) testing laboratory. The qualitative assay assigns a
binary classification of ‘Good’ (i.e., identifies patients more likely to respond to standard treatments) or
‘Poor’ (i.e., indicates chronic inflammation and an aggressive disease state) to serum or plasma samples.
The Poor classification has been shown to be associated with increased levels of acute phase reactants
and inflammation [39,40]. These classifications can be used to predict which patients will experience
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longer survival, independent of patient performance status, other biomarker status, treatment of
choice or line of therapy [34,41,42]. The commercial assay has been interrogated retrospectively and
prospectively in samples for randomized trials that confirm the prognostic information associated
with the protein profile [43]. Here we demonstrate equivalent clinical results between the BCD and the
defined validated reference-collection device. Matched specimen samples were collected from various
sites (n = 24) across the United States and shipped to the centralized laboratory for testing.

This study evaluated 112 NSCLC donors with matching specimens. 100 of these specimens were
used to assess concordance of the resultant clinical classification between the BCD and reference device.
Twelve specimens were excluded from the study because either one or both devices failed to produce
agreement within triplicate runs and were deemed “indeterminate” (5/112), or spectra failed to acquire
or pass QC parameters (7/112). The failure rate was 3.6% (4/112) and 4.5% (5/112) respectively for the
BCD and reference device, 2 specimens failed for both devices. Results for the concordance study
are shown in Table 2. In summary, we observed 100% result concordance between the two specimen
collection devices. The equivalent results generated for specimens collected on the novel BCD and the
reference device signify that the device is acceptable for use in clinical proteomic tests. In conclusion,
the reduced hemoglobin levels presented with the BCD minimizes the probability of sample rejection
while still maintaining accurate results with the predicate device. Because sample rejection leads to the
need for additional blood draws, it necessarily increases time to actionable results. Fewer QC failures
means faster turnaround of results and better overall support for patients and physicians as they make
critical treatment decisions.

Table 2. Concordance in classification of clinical results for the BCD and the reference device.

Reference Good Reference Poor

Test (BCD)
Good 85 0

Test (BCD)
Poor 0 15

3.6. Multiple Reaction Monitoring Concordance

The BCD was also incorporated into a bottom-up proteomics MRM assay for peptide quantification.
The BCD was included in a clinical assay that incorporates the ratio of relative abundance of plasma
proteins in circulation along with clinical factors to evaluate the probability of lung nodules being
benign [35,37,44]. The advantage of incorporation of peptide ratios as opposed to absolute peptide
quantitation is that pre-analytic variables, as well as variation in the depletion and digestion steps,
are accounted for [44]. The two plasma proteins that were measured are Galectin-3-binding protein
(LG3BP) using target peptide VEIFYR and Scavenger receptor cysteine-rich protein (C163A) using target
peptide INPASLDK. With our focus on pre-analytics, the objective was to determine whether equivalent
diagnostic results could be obtained from the frozen-shipped plasma and the ambient-shipped BCD.
Since the clinical results of the assay may rule out the likelihood that a nodule is malignant, the acceptance
criteria for comparison of the two assays was the Negative Predictive Value (NPV) (i.e., a false negative
result would classify the nodule as a high probability of being benign when actually it was malignant).
The comparison of the two workflows with matched specimens that were collected as either plasma or
BCD is shown in Figure 5. In Figure 5, the Response Ratio (RR) is measured by taking the ratio of the
chromatographic peak area of the endogenous by the chromatographic peak area of the SIS peptide.
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Figure 5. Peptide comparison between the BCD-collection method and plasma-collection method
A. RR of peptide INPASLDK B. RR of peptide VEIFYR. C. Comparison of the peptide ratios RR for
the two methods after the applied correction factor. The dotted red line represents the identity line.
D. The corresponding Bland-Altman Plot for the method comparison, the red dotted line represents
the 95% confidence internal.

The Pearson correlation coefficients for the two measured peptides were 0.88 for INPASLDK and
0.70 for VEIFYR. The MRM assay was originally developed and validated with the plasma collection
method. To normalize peptide ratios from the BCD method for use in the test algorithm, a scaling
factor is utilized. Comparison of the peptide ratios before the scaling factor is applied is shown
Supplemental Figure S4. Using a scaling factor to adjust for differences in peptide abundances between
the BCD-collection and plasma collection methods revealed good correlation of clinical test results,
which also incorporate a number of clinical factors, between the two workflows (NPV agreement = 98%).
Comparison of the ratio of the two peptides (VEIFYR-RR/INPASLDK-RR) between the two collection
methods gave a Pearson correlation coefficient of 0.82, as shown in Figure 5C. The identity line shown
in the figure represents perfect agreement between methods, with a slope of 1 and an intercept of
0. The Bland-Altman Plot in Figure 5D is displayed to show potential bias between the methods;
ideally the average difference should approach 0. The average difference between methods was 0.22,
and the value has a magnitude of approximately 0.5 standard deviations. With the NPV in high
agreement between the plasma and BCD measurements, the slight bias has no significant impact
in context of the assay. With the slope of the corrected peptide ratios approaching ideal, a slight
modification to the correction factor would eliminate the bias. This study established that the BCD
may be successfully incorporated into this second type of mass spectrometric clinical assay that utilizes
a quantitative MRM workflow. Direct comparison of protein abundance from the BCD or other type
of card-based collection method with frozen plasma specimens could result in altered measured
abundances and may require correction factors.

4. Conclusions

A novel whole blood-collection device that separates plasma from cellular components designed
for downstream mass spectrometry applications is presented. The BCD utilizes the principles of lateral
flow where the separation membrane impedes larger cellular components while allowing the liquid
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fraction to flow freely through the device. The specimen is dried on the separation membrane and
may be transported under ambient conditions to clinical laboratories. The separated plasma can then
be resuspended and used directly in the mass spectrometry workflow. The device is designed to
minimize the amount of hemoglobin in the plasma fraction resultant from rupture of red blood cells,
which can cause inaccurate results or prevent valid test results altogether. As a proof of principle,
plasma proteins were eluted from the separation membrane with water and directly used in a clinically
validated MALDI-ToF test without any additional sample clean up. There was 100% concordance in
clinical diagnostic labels between patient samples collected with the BCD and a current approved
collection device for the test. Additionally, the collected proteins were stable over the course of
10 days while being stored at ambient temperature, and between the temperatures −20–40 ◦C for
18 h. The second clinical test example utilized an MRM-based assay. Specimens were eluted from the
separation medium and subjected to a bottom-up proteomic workflow. Results from 101 matched
plasma and BCD specimens revealed good correlation between the two sample collection methods
(NPV agreement = 98%) when a scaling correction factor for peptide abundances was applied. For both
assays, the good correlation of clinical test results between the BCD and previously validated collection
methods indicate that the BCD specimen collection method is suitable for clinical specimen collection.

The ease of use of the BCD for separation and transport of biological whole blood specimens
makes it ideal for clinical diagnostics. Here we demonstrate that the device is compatible with both
MALDI-ToF and MRM blood-based proteomic assays that were investigated here. However, the BCD
could also be applicable as a collection and transport device for other diagnostic tests that utilize
blood-based specimens (e.g., ELISA or nucleic acid testing). In this study, blood was collected through
venipuncture, but slight modifications such as reduction in device size could make it a compelling
option for collection of capillary blood utilizing a figure prick for blood extraction. Modification of the
device could result also in its use for lateral flow in rapid point of care testing.

In conclusion, the BCD enables specimen collection for prescribed clinical tests to be collected
in the field, including at the patient’s home, by a trained phlebotomist, eliminating the need for the
patient to go to a clinic. The collected specimen is shipped at ambient temperature in a barrier pouch,
alleviating the need to arrange for dry ice or other cold chain transport, and thus reducing transport
logistics and shipment costs. The simplicity of the device has the potential to expand the patient testing
options for blood-based proteomic tests.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4418/10/12/1032/s1,
Figure S1: BCD sectioning for elution studies, Figure S2: Total protein elution, Figure S3: protein ratio from 10-day
stability study, Figure S4: Peptide ratios before applied correction factor.

Author Contributions: N.K.K.: investigation, methods development, writing, editing and reviewing. M.S. data
analysis and methods development. C.M.N.: methods development, reviewing. H.M.: methods development,
review and editing. G.A.P.: concept, methods development, review and editing. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by Biodesix Inc. and did not receive any external funding from agencies in
the public, commercial, or not-for-profit sectors.

Acknowledgments: The authors would like to thank Keith Kopitzke, Sean McHugh, and Luke Richard at DCN
Diagnostics for their help with the device design, Michael Chen and Jesse Goossens for their help with execution
of the MALDI experiments, Steve Hunsucker, Doug Spicer, and Melissa Kiser for help with the MRM experiments,
Niki Givens and Renee Mroz-Carter for assistance with IRB approvals and kit management to facilitate the
field studies, Laura Peek at Biodesix. Inc and the anonymous peer reviewers for comments and review of
the manuscript.

Conflicts of Interest: A patent has been issued to Biodesix Inc. for the blood-collection device described here
(U.S. patent No. 10,422,729). Here we describe the construction and performance of the device as it relates to
proteomic applications. All authors are current employees of Biodesix Inc.

http://www.mdpi.com/2075-4418/10/12/1032/s1


Diagnostics 2020, 10, 1032 12 of 14

References

1. Freeman, J.D.; Rosman, L.M.; Ratcliff, J.D.; Strickland, P.T.; Graham, D.R.; Silbergeld, E.K. Silbergeld, State of
the Science in Dried Blood Spots. Clin. Chem. 2018, 64, 656–679. [CrossRef]

2. McDade, T.W.; Williams, S.A.; Sharon, A.A.; Snodgrass, J.J. What a drop can do: Dried blood
spots as a minimally invasive method for integrating biomarkers into population-based research.
Demography 2007, 44, 899–925. [CrossRef]

3. Therrell, B.L.; Padilla, C.D.; Loeber, J.G.; Kneisser, I.; Saadallah, A.; Borrajo, G.J.; Adams, J. Current status of
newborn screening worldwide: 2015. Semin. Perinatol. 2015, 39, 171–187. [CrossRef]

4. Wagner, M.; Tonoli, D.; Varesio, E.; Hopfgartner, G. The use of mass spectrometry to analyze dried blood
spots. Mass Spectrom. Rev. 2016, 35, 361–438. [CrossRef]

5. Zakaria, R.; Allen, K.J.; Koplin, J.J.; Roche, P.; Greaves, R.F. Greaves, Advantages and Challenges of Dried
Blood Spot Analysis by Mass Spectrometry Across the Total Testing Process. Ejifcc 2016, 27, 288–317.

6. Lehmann, S.; Picas, A.; Tiers, L.; Vialaret, J.; Hirtz, C. Clinical perspectives of dried blood spot protein
quantification using mass spectrometry methods. Crit. Rev. Clin. Lab. Sci. 2017, 54, 173–184. [CrossRef]

7. Eshghi, A.; Pistawka, A.J.; Liu, J.; Chen, M.X.; Sinclair, N.J.T.; Hardie, D.B.; Elliott, M.; Chen, L.; Newman, R.;
Mohammed, Y.; et al. Concentration Determination of >200 Proteins in Dried Blood Spots for Biomarker
Discovery and Validation. Mol. Cell. Proteom. 2020, 19, 540–553. [CrossRef]

8. Razavi, M.; Anderson, N.L.; Yip, R.; Pope, M.E.; Pearson, T.W. Multiplexed longitudinal measurement of
protein biomarkers in DBS using an automated SISCAPA workflow. Bioanalysis 2016, 8, 1597–1609. [CrossRef]

9. Henderson, C.M.; Bollinger, J.G.; Becker, J.O.; Wallace, J.M.; Laha, T.J.; MacCoss, M.J.; Hoofnagle, A.N.
Quantification by nano liquid chromatography parallel reaction monitoring mass spectrometry of human
apolipoprotein A-I, apolipoprotein B, and hemoglobin A1c in dried blood spots. Proteom. Clin. Appl. 2017, 11.
[CrossRef]

10. Keevil, B.G. The analysis of dried blood spot samples using liquid chromatography tandem mass spectrometry.
Clin. Biochem. 2011, 44, 110–118. [CrossRef]

11. Velghe, S.; Delahaye, L.; Stove, C.P. Is the hematocrit still an issue in quantitative dried blood spot analysis?
J. Pharm. Biomed. Anal. 2019, 163, 188–196. [CrossRef]

12. Antunes, M.V.; Charão, M.F.; Linden, R. Dried blood spots analysis with mass spectrometry: Potentials and
pitfalls in therapeutic drug monitoring. Clin. Biochem. 2016, 49, 1035–1046. [CrossRef] [PubMed]

13. Abu-Rabie, P.; Denniff, P.; Spooner, N.J.C.; Chowdhry, B.Z.; Pullen, F.S. Investigation of Different Approaches
to Incorporating Internal Standard in DBS Quantitative Bioanalytical Workflows and Their Effect on Nullifying
Hematocrit-Based Assay Bias. Anal. Chem. 2015, 87, 4996–5003. [CrossRef] [PubMed]

14. Denniff, P.; Spooner, N. Volumetric Absorptive Microsampling: A Dried Sample Collection Technique for
Quantitative Bioanalysis. Anal. Chem. 2014, 86, 8489–8495. [CrossRef]

15. Available online: www.novilytic.com (accessed on 1 November 2020).
16. Available online: www.spotonsciences.com (accessed on 1 November 2020).
17. Hauser, J.; Lenk, G.; Hansson, J.; Beck, O.; Stemme, G.; Roxhed, N. High-Yield Passive Plasma Filtration from

Human Finger Prick Blood. Anal. Chem. 2018, 90, 13393–13399. [CrossRef]
18. Evans, C.; Arnold, M.; Bryan, P.; Duggan, J.; James, C.A.; Li, W.; Lowes, S.; Matassa, L.; Olah, T.; Timmerman, P.;

et al. Implementing Dried Blood Spot Sampling for Clinical Pharmacokinetic Determinations: Considerations
from the IQ Consortium Microsampling Working Group. AAPS J. 2014, 17, 292–300. [CrossRef]

19. Gleason, C.R.; Ji, Q.C.; Wickremsinhe, E.R. Evaluation of correlation between bioanalytical methods.
Bioanalysis 2020, 12, 419–426. [CrossRef]

20. Bowen, C.L.; Dopson, W.; Kemp, D.C.; Lewis, M.; Lad, R.; Overvold, C. Investigations into the environmental
conditions experienced during ambient sample transport: Impact to dried blood spot sample shipments.
Bioanalysis 2011, 3, 1625–1633. [CrossRef]

21. Kothare, P.A.; Bateman, K.P.; Dockendorf, M.; Stone, J.; Xu, Y.; Woolf, E.; Shipley, L.A. An Integrated Strategy
for Implementation of Dried Blood Spots in Clinical Development Programs. AAPS J. 2016, 18, 519–527.
[CrossRef]

22. Spooner, N.; Anderson, K.D.; Siple, J.; Wickremsinhe, E.R.; Xu, Y.; Lee, M. Microsampling: Considerations
for its use in pharmaceutical drug discovery and development. Bioanalysis 2019, 11, 1015–1038. [CrossRef]

23. Aebersold, R.; Goodlett, D.R. Mass spectrometry in proteomics. Chem. Rev. 2001, 101, 269–295. [CrossRef]

http://dx.doi.org/10.1373/clinchem.2017.275966
http://dx.doi.org/10.1353/dem.2007.0038
http://dx.doi.org/10.1053/j.semperi.2015.03.002
http://dx.doi.org/10.1002/mas.21441
http://dx.doi.org/10.1080/10408363.2017.1297358
http://dx.doi.org/10.1074/mcp.TIR119.001820
http://dx.doi.org/10.4155/bio-2016-0059
http://dx.doi.org/10.1002/prca.201600103
http://dx.doi.org/10.1016/j.clinbiochem.2010.06.014
http://dx.doi.org/10.1016/j.jpba.2018.10.010
http://dx.doi.org/10.1016/j.clinbiochem.2016.05.004
http://www.ncbi.nlm.nih.gov/pubmed/27179588
http://dx.doi.org/10.1021/acs.analchem.5b00908
http://www.ncbi.nlm.nih.gov/pubmed/25874899
http://dx.doi.org/10.1021/ac5022562
www.novilytic.com
www.spotonsciences.com
http://dx.doi.org/10.1021/acs.analchem.8b03175
http://dx.doi.org/10.1208/s12248-014-9695-3
http://dx.doi.org/10.4155/bio-2020-0019
http://dx.doi.org/10.4155/bio.11.128
http://dx.doi.org/10.1208/s12248-015-9860-3
http://dx.doi.org/10.4155/bio-2019-0041
http://dx.doi.org/10.1021/cr990076h


Diagnostics 2020, 10, 1032 13 of 14

24. Wang, H.; Shi, T.; Qian, W.-J.; Liu, T.; Kagan, J.; Srivastava, S.; Smith, R.D.; Rodland, K.D.; Camp, D.G.
The clinical impact of recent advances in LC-MS for cancer biomarker discovery and verification.
Expert Rev. Proteom. 2016, 13, 99–114. [CrossRef]

25. Hoofnagle, A.N.; Wener, M.H. The fundamental flaws of immunoassays and potential solutions using
tandem mass spectrometry. J. Immunol. Methods 2009, 347, 3–11. [CrossRef]

26. Percy, A.J.; Byrns, S.; Pennington, S.R.; Holmes, D.T.; Anderson, N.L.; Agreste, T.M.; Duffy, M.A.
Clinical translation of MS-based, quantitative plasma proteomics: Status, challenges, requirements,
and potential. Expert Rev. Proteom. 2016, 13, 673–684. [CrossRef]

27. Ignjatovic, V.; Geyer, P.E.; Palaniappan, K.K.; Chaaban, J.E.; Omenn, G.S.; Baker, M.S.; Deutsch, E.W.;
Schwenk, J.M. Mass Spectrometry-Based Plasma Proteomics: Considerations from Sample Collection to
Achieving Translational Data. J. Proteome Res. 2019, 18, 4085–4097. [CrossRef]

28. Greco, V.; Piras, C.; Pieroni, L.; Ronci, M.; Putignani, L.; Roncada, P.; Urbani, A. Applications of MALDI-TOF
mass spectrometry in clinical proteomics. Expert Rev. Proteom. 2018, 15, 683–696. [CrossRef]

29. Duncan, M.W.; Nedelkov, D.; Walsh, R.; Hattan, S.J. Applications of MALDI Mass Spectrometry in Clinical
Chemistry. Clin. Chem. 2016, 62, 134–143. [CrossRef]

30. Tran, A.; Alby, K.; Kerr, A.; Jones, M.; Gilligan, P.H. Cost Savings Realized by Implementation of
Routine Microbiological Identification by Matrix-Assisted Laser Desorption Ionization-Time of Flight
Mass Spectrometry. J. Clin. Microbiol. 2015, 53, 2473–2479. [CrossRef]

31. Tan, K.E.; Ellis, B.C.; Lee, R.; Stamper, P.D.; Zhang, S.X.; Carroll, K.C. Prospective evaluation of a
matrix-assisted laser desorption ionization-time of flight mass spectrometry system in a hospital clinical
microbiology laboratory for identification of bacteria and yeasts: A bench-by-bench study for assessing the
impact on time to identification and cost-effectiveness. J. Clin. Microbiol. 2012, 50, 3301–3308.

32. Grigorieva, J.; Asmellash, S.; Net, L.; Tsypin, M.; Roder, H.; Roder, J. Mass Spectrometry-Based Multivariate
Proteomic Tests for Prediction of Outcomes on Immune Checkpoint Blockade Therapy: The Modern
Analytical Approach. Int. J. Mol. Sci. 2020, 21, 838. [CrossRef]

33. Taguchi, F.; Solomon, B.; Gregorc, V.; Roder, H.; Gray, R.; Kasahara, K.; Nishio, M.; Brahmer, J.; Spreafico, A.;
Ludovini, V.; et al. Mass Spectrometry to Classify Non–Small-Cell Lung Cancer Patients for Clinical
Outcome After Treatment With Epidermal Growth Factor Receptor Tyrosine Kinase Inhibitors: A Multicohort
Cross-Institutional Study. J. Natl. Cancer Inst. 2007, 99, 838–846. [CrossRef]

34. Carbone, D.P.; Ding, K.; Roder, H.; Grigorieva, J.; Roder, J.; Tsao, M.-S.; Seymour, L.; Shepherd, F.A. Prognostic
and predictive role of the VeriStrat plasma test in patients with advanced non-small-cell lung cancer treated
with erlotinib or placebo in the NCIC Clinical Trials Group BR.21 trial. J. Thorac. Oncol. 2012, 7, 1653–1660.
[CrossRef]

35. Silvestri, G.A.; Tanner, N.T.; Kearney, P.; Vachani, A.; Massion, P.P.; Porter, A.; Springmeyer, S.C.; Fang, K.C.;
Midthun, D.; Mazzone, P.J. Assessment of Plasma Proteomics Biomarker’s Ability to Distinguish Benign
from Malignant Lung Nodules: Results of the PANOPTIC (Pulmonary Nodule Plasma Proteomic Classifier)
Trial. Chest 2018, 154, 491–500. [CrossRef]

36. Li, X.J.; Hayward, C.; Fong, P.Y.; Dominguez, M.; Hunsucker, S.W.; Lee, L.W.; McLean, M.; Law, S.; Butler, H.;
Schirm, M.; et al. A blood-based proteomic classifier for the molecular characterization of pulmonary
nodules. Sci. Transl. Med. 2013, 5, 207ra142. [CrossRef]

37. Vachani, A.; Hammoud, Z.; Springmeyer, S.; Cohen, N.; Nguyen, D.; Williamson, C.; Starnes, S.; Hunsucker, S.;
Law, S.; Li, X.J.; et al. Clinical Utility of a Plasma Protein Classifier for Indeterminate Lung Nodules. Lung
2015, 193, 1023–1027. [CrossRef]

38. Bradford, C.; Severinsen, R.; Pugmire, T.; Rasmussen, M.; Stoddard, K.; Uemura, Y.; Wheelwright, S.;
Mentinova, M.; Chelsky, D.; Hunsucker, S.W.; et al. Analytical validation of protein biomarkers for risk of
spontaneous preterm birth. Clin. Mass Spectrom. 2017, 3, 25–38. [CrossRef]

39. Fidler, M.J.; Fhied, C.L.; Roder, J.; Basu, S.; Sayidine, S.; Fughhi, I.; Pool, M.; Batus, M.; Bonomi, P.; Borgia, J.A.
The serum-based VeriStrat® test is associated with proinflammatory reactants and clinical outcome in
non-small cell lung cancer patients. BMC Cancer 2018, 18, 310. [CrossRef]

40. Milan, E.; Lazzari, C.; Anand, S.; Floriani, I.; Torri, V.; Sorlini, C.; Gregorc, V.; Bachi, A. SAA1 is over-expressed
in plasma of non small cell lung cancer patients with poor outcome after treatment with epidermal growth
factor receptor tyrosine-kinase inhibitors. J. Proteom. 2012, 76, 91–101. [CrossRef]

http://dx.doi.org/10.1586/14789450.2016.1122529
http://dx.doi.org/10.1016/j.jim.2009.06.003
http://dx.doi.org/10.1080/14789450.2016.1205950
http://dx.doi.org/10.1021/acs.jproteome.9b00503
http://dx.doi.org/10.1080/14789450.2018.1505510
http://dx.doi.org/10.1373/clinchem.2015.239491
http://dx.doi.org/10.1128/JCM.00833-15
http://dx.doi.org/10.3390/ijms21030838
http://dx.doi.org/10.1093/jnci/djk195
http://dx.doi.org/10.1097/JTO.0b013e31826c1155
http://dx.doi.org/10.1016/j.chest.2018.02.012
http://dx.doi.org/10.1126/scitranslmed.3007013
http://dx.doi.org/10.1007/s00408-015-9800-0
http://dx.doi.org/10.1016/j.clinms.2017.06.002
http://dx.doi.org/10.1186/s12885-018-4193-0
http://dx.doi.org/10.1016/j.jprot.2012.06.022


Diagnostics 2020, 10, 1032 14 of 14

41. Grossi, F.; Rijavec, E.; Genova, C.; Barletta, G.; Biello, F.; Maggioni, C.; Burrafato, G.; Sini, C.; Bello, M.G.D.;
Meyer, K.; et al. Serum proteomic test in advanced non-squamous non-small cell lung cancer treated in first
line with standard chemotherapy. Br. J. Cancer 2017, 116, 36–43. [CrossRef]

42. Buttigliero, C.; Shepherd, F.A.; Barlesi, F.; Schwartz, B.; Orlov, S.; Favaretto, A.G.; Santoro, A.; Hirsh, V.;
Ramlau, R.; Blackler, A.R.; et al. Retrospective Assessment of a Serum Proteomic Test in a Phase III Study
Comparing Erlotinib plus Placebo with Erlotinib plus Tivantinib (MARQUEE) in Previously Treated Patients
with Advanced Non-Small Cell Lung Cancer. Oncologist 2019, 24, e251–e259. [CrossRef]

43. Molina-Pinelo, S.; Pastor, M.D.; Paz-Ares, L. VeriStrat: A prognostic and/or predictive biomarker for advanced
lung cancer patients? Expert Rev. Respir. Med. 2013, 8, 1–4. [CrossRef]

44. Li, X.-J.; Lee, L.W.; Hayward, C.; Brusniak, M.-Y.; Fong, P.-Y.; McLean, M.; Mulligan, J.; Spicer, D.;
Fang, K.C.; Hunsucker, S.W.; et al. An integrated quantification method to increase the precision, robustness,
and resolution of protein measurement in human plasma samples. Clin. Proteom. 2015, 12, 3. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/bjc.2016.387
http://dx.doi.org/10.1634/theoncologist.2018-0089
http://dx.doi.org/10.1586/17476348.2014.861744
http://dx.doi.org/10.1186/1559-0275-12-3
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Design of Blood-Collection Device 
	Collection of Whole Blood 
	MALDI-ToF Profiling 
	Multiple Reaction Monitoring 

	Results and Discussion 
	Whole Blood Separation 
	Spectral Hemoglobin 
	Protein Concentration Gradient 
	Specimen Stability 
	MALDI-ToF Assay Label Concordance 
	Multiple Reaction Monitoring Concordance 

	Conclusions 
	References

