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It is well -known that 2D dried blood spots on paper o—f—f—e—r—s—offer a facile sample collection, stor-
age, and transportation of blood. However, large volume requirements, possible analyte insta-
bility, and difficult sample recovery plague this method, lowering confidence in analyte quan-
tification. For the first time, we demonstrate a new approach using 3D dried blood spheroids
for stabilization of small volume blood samples, mitigating these effects without cold stor-
age. Blood spheroids form on hydrophobic paper, preventing interaction between the sample
and paper substrate, eliminating all chromatographic effects. Stability of the enzyme alanine
transaminase and labile organic compounds such as cocaine and diazepam were also shown to
increase in the spheroid by providing a critical radius of insulation. On-surface analysis of the
dried blood spheroids using paper spray mass spectrometry resulted in sub-ng/mL limits of de-
tection for all illicit drugs tested, representing a—n—1 order of magnitude improvement compared
with analysis from 2D dried blood spots.
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F F—o—r—or more than a century, blood samples have been collected onto paper substrates as dried blood spots (DBS),1
and yet all noted advantages are still valid today –—, including the simplification of sample collection, transportation,
storage, and processing. Interests in DBS have been rekindled in recent years due to the emergence of personalized
healthcare. This includes the recent introduction of an on-demand diagnostic strategy, 2,3which is expected to enable
timely initiation of treatment and long-term disease monitoring within the context of a medical home and subspecialty
center. These efforts are significant for newborn screening programs, 4 -—− 7 low-cost analytical diagnostic method devel-
opment for use in resource-limited settings, 8 -—− 13 environmental research, 14,15 and drug analysis. 16 -—− 18Consequently,
aspects of DBS need improvement, including the preservation of labile compounds during storage and reduction of
sample volume requirements, while also maintaining the simplicity of the approach.

As a facile method, the basic precautions for DBS collection include limiting sample exposure to moisture, sun-
light, and heat. As w—i—l—l—b—e—shown in this study, however, exposure of DBS to ambient air can also substantially affect
analyte integrity.19 S—i—n—c—e—Because the current major focus of DBS collection is r—e—-—t—e—s—t—i—n—g—retesting at a reference labo-
ratory (which may be a part of external quality assessment plan), it has become critical to know the exact volume of
blood in the sample to enable effective comparison to results recorded at the testing site. This seemingly simple task
is complicated by the following: (i) volcanic effects –—t—h—a—t—, which cause a concentration gradient in DBS with higher
analyte concentrations detected toward the edge; (ii) chromatographic effects –—, the choice of paper substrate impacts
DBS sampling by altering blood diffusion and adsorption; a—n—d—(iii) hematocrit effects –—, varied red blood cells in pa-
tients’ blood (e.g., anemic sample) cause variable blood diffusion on paper, altering the volume sampled in a punch.
Standard protocol to mitigate unknown sample volumes is to collect unnecessarily large volumes (>70 μL) and punch
a standard area from the sample. Other specific solutions include mathematical calculations 2—0—-—2—3—, 20− 23 the use of ra-
dioactive chemical tracers, 23,24 or v—i—a—prediction of hematocrit level in blood in separate/independent experiments.25

Herein,—we report a new paper-based blood (<30 μL) collection platform that is based on three-dimensional (3D)
dried blood spheroids as opposed to the traditional two-dimensional (2D) DBS sample collection procedure. This
new dried blood sample collection procedure uses functionalized hydrophobic paper substrates (prepared in-house)
to overcome major challenges associated with the traditional DBS procedure. The advantages and attributes of this
approach are f—o—u—r—f—o—l—d—4-fold: (i) blood sample applied on the hydrophobic paper forms a spherical drop due to a mis-
match in surface energies, which dries to yield a dried blood spheroid. Experiments have shown that hydrolytically
labile chemicals such as cocaine and diazepam trapped in the 3D dried blood spheroid are stabilized, compared with
storage d—o—n—e—performed under the porous DBS conditions where a major portion of the sample becomes susceptible
to oxidative stress from ambient air; (ii) decreased blood-—−paper interaction enables easy analyte extraction, a reduc-
tion in the required sample volume, and improvements in analyte quantification; (iii) b—e—c—a—u—s—e—the origin of volcanic,
chromatographic, and hematocrit effects can all be traced to a common source –—, uneven biofluid/analyte adsorption
–—; controlling wetting on hydrophobic paper enables simple validation of results; a—n—d—(iv) the hydrophobic paper also
a—f—f—o—r—d—a—affords direct mass spectrometry (MS) detection via paper spray (PS) ionization 2,26 -—− 32 for sensitive analyte
quantification. In-—situ extraction of illicit drugs (methamphetamine, benzoylecgonine, amphetamine, and cocaine)
from the dried blood spheroids resulted in a sub-ng/mL limit of d—e—t—e—c—t—i—o—n—s—detection using ethyl acetate spray solvent.
E—X—P—E—R—I—M—E—N—T—A—L—S—E—C—T—I—O—N—Experimental Section
Standards and Solutions

Standard solutions (1.0 mg/mL) of benzoylecgonine, cocaine, amphetamine, and (±)-methamphetamine were
obtained from Cerilliant (Round Rock, TX). All solvents, α-ketoglutaric acid disodium salt hydrate, and L—L
-A—l—a—n—i—n—e—alanine, were purchased from Sigma-Aldrich (St. Louis, MO). Human blood was purchased from Innovative
Research (Novi, MI). Whatman filter paper (24 cm, grade 1) and Guthrie card (grade 903) was purchased from
Whatman (Little Chalfont, England). For detection of illicit drugs from human blood, standards were directly spiked
into whole blood and analyzed without further treatment. Phosphate-buffered saline (PBS) tablets were purchased
from AMRESCO (Solon, OH). Lyophilized alanine aminotransferase from human liver was purchased from Lee
Biosolutions (Maryland Heights, MO).
Hydrophobic Paper Preparation

Using a digital template, paper triangles were cut from filter paper with an Epilog Legend 36EXT laser with 15%
power at 1000 Hz. P—r—e—-—c—u—t—Precut paper was treated in a vacuum desiccator with 0.5 mL of trichloro(3,3,3-trifluoro-
propyl) silane. Untreated paper was not subject to this reaction. Paper triangles were 9.5 mm base × 16.6 mm height,
and paper/polymer rectangles were 4 mm base x—× 20 mm height to maintain similar surface area. Whole blood samples
were pipetted onto the paper surface and allowed to dry overnight unless otherwise stated.

2



Mass Spectrometry
Mass spectra were recorded using Thermo Scientific Velos Pro LTQ linear ion trap mass spectrometer (San Jose,

CA). MS parameters used were as follows: 200 °C capillary temperature, 3—three microscans, and 60% Slens voltage.
Spray voltage was 5 kV unless otherwise specified. Thermo Fisher Scientific Xcalibur 2.2 SP1 software was applied
for MS data collecting and processing. Tandem MS with collision-induced dissociation (CID) was utilized for analyte
identification. For the CID tests, 1.5 Th (mass/charge units) for the isolation window and 35 (manufacturer’s unit) of
normalized collision energy w—a—s—were chosen f—o—r—t—h—e—C—I—D—t—e—s—t—s—.
Thermal Analysis Simulation Model

Transient natural thermal transfer analysis (natural convection and conduction) was carried out using SolidWorks
Simulation 2014 (SolidWorks Corp., M—a—s—s—a—c—h—u—s—e—t—t—s—Waltham, U—S—A—MA). A sphere (radius 5 mm) and circular disc (ra-
dius 5 mm, depth 1 mm) were drawn in CAD to approximate the geometry of the blood spheroid and DBS, respectively.
A finite element analysis was applied to the CAD model using the thermal analysis FFEPlus solver with the following
parameters: triangular mesh with 10234 nodes and 6929 elements each of size 0.378 mm, 30 °C object initialization
temperature, 40 °C bulk ambient temperature, with air as the natural convection mediumwith a heat transfer coefficient
of 25 W/(m2·°C). Transient analysis was conducted over 90 s—e—c—o—n—d—s—s with 3 s—e—c—o—n—d—s measurement intervals. Thermal
properties were chosen so as to approximate whole human blood: 3617 J/kg/°C specific heat capacity, 0.492 W/m-°C
thermal conductivity, and 1060 kg/m3 density.
Alanine Transaminase (ALT) Stability

For ALT stability test, 30 μL of human whole blood containing 500 U/L ALT was dried on 10 mm x—× 10 mm
grade 1 30 m—i—n—u—t—e—s—min treated paper and untreated paper and stored for a given number of days. After storage, blood
was extracted in 100 μL of 1XPBS, grinded with p—i—p—e—t—t—e—pipet tip and allowed to soak 5 m—i—n—u—t—e—s—min in ice and then
centrifuged 1500 rcf for 2 m—i—n—u—t—e—s—min. 2—μ—L—Two microliters of 1 M L—L -alanine and 2 μL of 1 M α-ketoglutarate were
added to the blood sample and allowed to react for 20 m—i—n—u—t—e—s—min at 37 °C. A 10 μ—L—microliter aliquot o—f—was pipetted
onto untreated grade 1 paper triangle and allowed to dry 5 m—i—n—u—t—e—s—min. Analysis of pyruvate products in the blood
sample present on the paper triangle was achieved using 20 μL of ethyl acetate and 5 kV spray voltage. Pyruvate signal
at m/z 87 was monitored in negative mode and compared with a solvent related ion at m/z 59.

Figure 1. (a) Experimental setup using paper triangles. (b) Image showing a 4 μL of dried blood spot/spheroid on an
untreated (left) and treated (right) paper substrates, including the front (top) and back (bottom). Scale bars show 0.5
mm. (c) Workflow of direct on-surface dried blood analysis.

R—E—S—U—L—T—S—A—N—D—D—I—S—C—U—S—S—I—O—N—Results and Discussion
Sample Collection on Treated Paper

To enable dried blood spheroid collection, we converted p—r—e—-—c—u—t—precut hydrophilic filter papers into hydropho-
bic paper substrates through a gas-phase silanization procedure.26 Because this approach utilizes a gas-phase prepa-
ration procedure to impact changes in surface properties, many of the physicochemical characteristics (e.g., color,
weight, porosity, tensile strength, malleability, flammability) of the filter paper remain unchanged. However, wetta-
bility of the paper is altered controllably by varying silane vapor exposure time. As a result of the lowered surface
energy, aqueous-based samples such as blood and serum bead when applied onto the hydrophobic paper,—and, as a
consequence, form 3D spheroids (Figure 1 b) upon drying due to concentration-driven self-assembly of b—i—o—-—m—a—c—r—o—-—
m—o—l—e—c—u—l—e—s—biomacromolecules in the biofluid. Only the outermost layer of the dried blood spheroid is exposed to air
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during storage, preserving the integrity of majority of analytes inside the dried blood. Hydrophobic polymers may be
used for dried blood spheroid preparation, but direct analysis of the stored blood samples may be limited by the insta-
bility of the polymer substrate in the presence of the organic solvents. The porous cellulose core in the hydrophobic
paper is friendly to organic solvents, enabling direct extraction and ionization of organic compounds present in the
dried blood samples for subsequent online detection by MS.

The overall workflow for blood collection and analysis from hydrophobic paper is a—s—illustrated in Figure 1 c,
where 4 μL of blood was typically deposited onto the hydrophobic paper,—and dried for a specified time, and analytes
were detected using hydrophobic PS MS. Using ethyl acetate as spray solvent, small organic compounds (e.g., am-
phetamine and methamphetamine) were selectively extracted and detected from blood samples dried on hydrophobic
paper (Figure 1 a).

As observed from Figure 1 b, the fresh blood penetrated to the back of the untreated paper forming a blood spot of
area 0.13 ± 0.05 cm2, with >2—X—2× relative standard deviations between samples. In contrast, no traces of blood were
observed on the back of the hydrophobic paper. Instead, the entire 4 μL of blood volume bead, which rested on top of
the hydrophobic paper, confined to a reproducible area of 0.013 ± 0.002 cm2 (Figure S1). Although not the focus of the
current work, the whole dried blood spheroid could be punched for subsequent extraction without regard to volcanic,
chromatographic or hematocrit effects.

Figure 2. Stability of (a) cocaine in dried blood, (b) neat dried diazepam prepared in water, and (c) diazepam in dried
blood. Both dried blood spots (untreated) and spheroids (treated) samples were stored under ambient conditions at
25 °C. Internal standard was spiked into the spray solvent to normalize between samples/days. Error bars show one
standard deviation.

Stability of Organic Compounds in Ambient Air
To investigate the possibility of reducing oxidative stress during dried blood spheroid storage, we selected cocaine

and diazepam as models of hydrolytically labile organic compounds. Cocaine and diazepam (2 μg/mL each o—f—c—o—c—a—i—n—e—
a—n—d—d—i—a—z—e—p—a—m—) were spiked separately into whole human blood, and 4 μL aliquots were spotted onto the as-prepared
hydrophobic paper and stored in ambient air for a maximum of 28 days. Similar blood samples were stored using the
conventional DBS method on untreated, hydrophilic paper. Results from these experiments are summarized in Figure
2 , which indicate that cocaine (Figure 2 a) and diazepam (Figure 2 c) trapped inside the 3D dried blood spheroid
are stabilized compared with storage done under the porous DBS conditions. About 90% of cocaine is hydrolyzed
within a day of storage on untreated hydrophilic paper (i—n—s—e—r—t—inset, Figure 2 a). Separate offline extraction experiments
showed that cocaine was hydrolyzed into benzoylecgonine metabolite (Figure S2). Therefore, we investigated the
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stability of benzoylecgonine under DBS versus dried blood spheroid conditions (Figure S3). Here,—greater than 95%
of benzoylecgonine was oxidized (via the direct addition of oxygen) after the 1—2—12tht—h—day of storage under the typical
DBS condition. In contrast, a stable ion signal was detected for benzoylecgonine stored in the spheroid even after the
46th day. Unlike cocaine, the signal loss for diazepam on DBS was gradual, and 21% of the analyte remained in the
DBS after o—n—e—1 week (untreated, Figure 2 c). As expected, the signal was relatively stable when stored using the dried
blood spheroid methodology.

To ensure that the decomposition processes observed here are due to oxidative stress from atmospheric air, we
performed a control experiment in which both DBS and dried blood spheroids were stored in a vacuum desiccator for
15 days. Under this airtight condition, both cocaine and benzoylecgonine were found to be stable in DBS and spheroids
(Figure S4). This confirms our hypothesis that analyte degradation is due to ambient air oxidation. The involvement
of oxygen is also confirmed by the direct detection of O2 adducts (+32 Da increase) in MS analysis (Figure S5). To
investigate a possible “wall effect” (i.e., critical radius of insulation) in the stabilization of analytes in dried blood
spheroids, the stability of neat, dry diazepam (prepared in water, as opposed to blood) on both treated (no spheroid was
formed) and untreated paper substrates were compared and found to be similar (Figure 2 b). That is, neat diazepam
analytes gradually degraded at comparable rates on both hydrophobic and hydrophilic paper. The stability of diazepam
was restored when prepared in blood and dried as a spheroid (Figure 2 c). Ion intensities recorded from treated paper
were relatively higher than those from untreated paper because of higher ionization efficiency of hydrophobic paper
substrates.26 Collectively, these results suggest that the creation of 3D spheroid from a viscous sample like blood is
essential in preventing oxidation in air, and that the interior of the spheroid was protected by providing a possible crit-
ical radius of insulation 33,34 that increases the spheroid’s resistance to thermal conduction and oxidative degradation.
Finite element analysis of thermal energy flux from surrounding ambient air for spheroid and DBS approximated ge-
ometry confirms the spheroid’s enhanced thermal protection over a given time period (Figure S6). The reduced surface
area-to-volume ratio of the spheroid limits bulk exposure to the ambient environment (Figure 3 ), which also improves
resistance to oxidative degradation over time.

Figure 3. Heat transfer transient simulation analysis. Both blood storage geometries (DBS versus spheroid) had an
initial temperature of 30 °C and were subjected to a constant ambient air temperature of 40 °C. Temperature is measured
at the geometric center for each case.

To investigate the ability of the spray solvent to extract the target analyte from the interior of the dried blood
spheroid despite this protective layer, we prepared a two-layered dried blood spheroid consisting of an inner blood
layer spiked with 1 ppm of cocaine and an outer blood layer containing no the cocaine analyte. The two blood layers
were physically separated by a thin, porous hydrophobic barrier, which served to prevent mixing and the physical
diffusion of cocaine from inner layer into the outer blood layer of the spheroid (see Figure S7 and other details in
S—u—p—p—l—e—m—e—n—t—a—l—Supporting Information). During online MS analysis of this m—u—l—t—i—-—l—a—y—e—r—e—d—multilayered blood sample
using ethyl acetate spray solvent, we observed a signal due to cocaine at m/z 182 in an MS/MS experiment. This result
suggests that the spray solvent does not only sample from the surface of the dried blood spheroid but is also able to
penetrate the outer blood layer during which the stable analyte is extracted and ionize. In this case, the depth of spray
solvent penetration was estimated to be at least 0.59 mm, which represents 34% of the total spheroid radius.
Volume Effects
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The effect of blood volume (4-—−50 μL) on analyte stability was also investigated using filter paper (grade 1) and
Guthrie card (grade 903). In general, the thicker Guthrie card offered better protection for cocaine trapped within the
thick fiber core compared with the thin filter paper. When stored on untreated Guthrie card, the stability of cocaine in
DBS increased with increasing blood volume, consistent with the formation of a protecting thick blood film.35 Signif-
icant degradation of cocaine was observed below 30 μL of blood (Figure 4 ). This volume-dependent data provides a
new critical insight regarding how labile analytes may be stabilized in a thick blood film formed by large volume of
blood in conventional dried blood sampling. Interestingly, the new dried blood spheroid method presents an alternative
using only microliter blood samples. For example, creation of spheroids on treated Guthrie cards restored the stability
of cocaine, even in 4 μL blood volume in accordance with our findings using filter paper (Figure 2 a). Formation of
spheroid from larger (>50 μL) blood volumes becomes increasingly difficult.

Figure 4. (a) 4 μL, (b) 10 μL, (c) 30 μL, and (d) 50 μL of 5 ppm cocaine in human whole blood w—a—s—were stored on
a grade 903 card, and a 6.5 mm punch was placed on top of a grade 1 triangle. 2—0—μ—L—Twenty microliters of 5 ppm
cocaine d3 internal standard in ethyl acetate was used a spray solvent with 5 kV spray voltage during analysis.

Quantification in Dried Blood Spheroids
Using hydrophobic filter paper, we quantified the presence of cocaine, benzoylecgonine, amphetamine, and

methamphetamine stored in the dried blood spheroids. The initial investigations involved the use of untreated paper
and hydrophobic paper triangles treated with silane vapor at 5, 30, 120, 240, 720, and 1440 min exposure times.
These samples were analyzed with ethyl acetate as the spray solvent, and the absolute intensities of the fragment ions
derived from collision-induced dissociation were quantified. Overall, the paper treated for 30 and 120 min produced
the highest intensity responses and were selected for further testing (Figures S8-—−S10).

These responses were found to be influenced by (i) drug binding affinity to the paper surface versus its solubility
in the spray solvent (partitioning);—, (ii) ionization efficiency –—−the impact of treatment time on PS performance;—,
and (iii) extraction efficiency of the analyte from the dried blood. Treatment time was not observed to affect ana-
lyte ionization due to comparable wetting of ethyl acetate on all paper triangles, which produced protonated ions via
electrospray-based mechanism (as opposed to electrostatic ionization). Properties of the blood spheroids appeared
identical (e.g., size and interaction with paper surface) on all paper treated for >30 min. Therefore, partitioning of
the analyte between the paper and the solvent (p—o—s—t—-—e—x—t—r—a—c—t—i—o—n—postextraction) is expected to be the major contributing
factor affecting ion yields from treated paper substrates. This partitioning factor is in turn controlled by the log P of
drug and paper treatment time (Table 1 ). For example, cocaine is the most hydrophobic drug tested (logP 2.28), hence,
gave a higher ion intensity on paper with a shorter treatment time (i.e., less hydrophobic paper substrate: Figure S9).
Similarly, benzoylecgonine, the most hydrophilic drug tested (LogP –—− 0.59), showed a higher ion signal on paper
with a longer treatment time (i.e., more hydrophobic). These results may be explained by that fact that molecules with
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high log P values prefer hydrophobic medium (and vice versa), and thus binding capacity is low on paper substrates
prepared over shorter treatment times, enabling enhanced ion yield from such surfaces.

In this case, not only did the ion signal last approximately twice as long when hydrophobic paper was used, but lim-
its of detection (LODs) as low as 0.12 ng/mL (corresponding to 1—0—X—10× reduction in LOD and LOQ for amphetamine
on 30 min treated paper) were observed, with enhanced linearity (R 2 > 0.999; Table 1 , and Figures S11-—−S14).

Compared with untreated paper substrates, the lower LODs calculated for hydrophobic paper are mainly attributed
to the following: (i) t—h—e—The inability of the blood sample to wet through the paper –—; the fact that the aqueous-based
blood samples are unable to wet through the fiber core of the porous hydrophobic paper and spread suggests interactions
between drug and the paper surface prior to extraction is decreased. This results in a greater number of free drug
analytes available in the dried spheroid, increasing analyte signal;—. (ii) t—h—e—The more uniform spot size for the dried
spheroids –—; this contributes to the observed quantitative abilities (i.e., lower LODs and improved linearity) by creating
a more reproducible extraction area and decreasing variations in analyte signal;—a—n—d—. (iii) t—h—e—The decreased analyte
binding capacity to the paper p—o—s—t—e—x—t—r—a—c—t—i—o—n—postextraction. That is, redistribution of extracted analyte back into the
hydrophobic paper is reduced compared with hydrophilic paper substrates.
Blood Chemistry and Stability of Alanine Transaminase

With a drying time of 30 min for the spheroids compared with 5 min for DBS, it was necessary to investigate
possible changes in blood chemistry, especially pertaining to enzymatic activity (note: all samples were dried overnight
before analysis as is typically done). 36,37Alanine transaminase (ALT) was used for this study, where the enzyme was
spiked into whole blood, and an offline extraction was performed from the dried samples. L—L -a—l—a—n—i—n—e—Alanine and
α-ketoglutarate were added to the enzyme extract, and the production of pyruvate (m/z -—87) was monitored (Scheme
1 ). A 30% reduction in ALT activity was observed after the first day of dry storage in the spheroid (Figure 5 ), which
then remained stable over the course of 10 storage days. When stored in the DBS condition, while stability appeared
identical to spheroids in days 1-—−4, day 7 showed a drop-off of pyruvate production, where about 25% of ALT activity
remained at the end of the 10 d—a—y—s—day storage period. These results are consistent with reported enzymatic decay in
DBS, 37 -—− 39where gradual loss of enzyme activity is observed in almost all cases upon blood drying. These results
suggest the difference in initial blood drying time for spheroid versus DBS will not cause significant changes in blood
chemistry during the drying step and the initial period of storage (up to 4 days with regards to ALT). On the contrary,
prolonged and dry-state stabilization of ALT in blood could be useful in, for example, diagnosing liver injury from
remotely collected blood samples. This condition often occurs in patients that take several medications at once,40
especially in people with HIV and tuberculosis, which are most prevalent in the developing world.

Table 1. Limits of Detection (LOD) and Quantification (LOQ) of d—r—u—g—s—Drugs in d—r—i—e—d—b—l—o—o—d—Dried Blood on t—r—i—a—n—-—
g—l—e—s—.—Triangles

A—n—a—l—y—t—e— L—o—g—P— LODs (LOQs) in dried blood (—K(ng/mL)T n—g—/—m—L—)—a

U—n—t—r—e—a—t—e—d—P—a—p—e—r—
T—r—i—a—n—g—l—e—analyte Klog P T

untreated paper
triangle

3—0—K30 minT M—i—n—u—t—e—
T—r—e—a—t—e—d—P—a—p—e—r—

T—r—i—a—n—g—l—e—treated paper
triangle

2—K2 hT H—o—u—r—T—r—e—a—t—e—d—
P—a—p—e—r—T—r—i—a—n—g—l—e—treated

paper triangle

A—m—p—h—e—t—a—m—i—n—e—amphet-
amine

1.80 4—.—4—K4.4 (9.7)T (—9—.—7—)— 0—.—1—2—K0.12 (1.3)T (—1—.—3—)— 0—.—1—1—K0.11 (0.69)T
(—0—.—6—9—)—

M—e—t—h—a—m—p—h—e—t—a—m—i—n—e—me-
thamphetamine

2.24 7—.—9—K7.9 (9.1)T (—9—.—1—)— 0—.—3—4—K0.34 (1.8)T (—1—.—8—)— 1—.—7—K1.7 (4.2)T (—4—.—2—)—

C—o—c—a—i—n—e—cocaine 2.28 3—.—5—K3.5 (19)T (—1—9—)— 0—.—3—7—K0.37 (0.57)T
(—0—.—5—7—)—

1—.—0—K1.0 (1.7)T (—1—.—7—)—

B—e—n—z—o—y—l—e—c—g—o—-—
n—i—n—e—benzoylecgonine

–—−0.59 3—.—7—K3.7 (7.9)T (—7—.—9—)— 0—.—4—8—K0.48 (0.79)T
(—0—.—7—9—)—

0—.—4—9—K0.49 (1.6)T (—1—.—6—)—

aLODs were calculated from respective calibration curves using signal corresponding to (S blank) + 3 × σblank; LOQs were calculated from respective
calibration curves using signal corresponding to (S blank) + 10 × σblank ;—where (S blank) is the average blank signal and σblank is the standard deviation
of the signal from 3—three replicates.

7



Scheme 1. Catalytic a—c—t—i—o—n—Action of a—l—a—n—i—n—e—a—m—i—n—o—t—r—a—n—s—f—e—r—a—s—e—.—Alanine Aminotransferasea R—e—a—c—t—a—n—t—s—L—-—a—l—a—n—i—n—e—a—n—d—
α—-—k—e—t—o—g—l—u—t—a—r—a—t—e—w—e—r—e—a—d—d—e—d—t—o—b—l—o—o—d—s—a—m—p—l—e—s—c—o—n—t—a—i—n—i—n—g—A—L—T—,—a—n—d—p—y—r—u—v—a—t—e—w—a—s—m—o—n—i—t—o—r—e—d—a—t—m—/—z—8—7—i—n—t—h—e—n—e—g—a—t—i—v—e—
i—o—n—m—o—d—e—.—

aReactants L-alanine and α-ketoglutarate were added to blood samples containing ALT, and pyruvate was monitored at m/z 87 in the negative ion
mode.

Figure 5. Alanine transaminase (ALT) stability in dry-state ambient conditions stored using 10 μL dried blood
spheroids (treated) and dried blood spots (untreated). ALT activity was monitored by the production of pyruvate.
Both dried blood spots (untreated) and s—p—h—e—r—o—i—d—s—spheroid (treated) samples were stored under ambient conditions at
25 °C. Error bars show one standard deviation.

C—O—N—C—L—U—S—I—O—N—Conclusion
In summary, hydrophobic paper substrate enables a 3D dried blood spheroid collection platform, eliminating chro-

matographic effects associated with 2D dried blood spot samples w—h—i—l—s—t—while decreasing the sample volume required.
Dried blood spheroids increase stability for labile compounds against oxidative stress, extending the lifetime of alanine
transaminase, diazepam, cocaine, and benzoylecgonine from days to several weeks under ambient conditions without
cold storage. Manipulation of surface energy of the paper and organic spray solvent allows selective extraction of tar-
get analytes, which increases extraction efficiency of cocaine, benzoylecgonine, amphetamine, and methamphetamine
from the dried blood spheroids, resulting in sub-ng/mL limits of detection. Because of its close resemblance to DBS,
the implementation of dried blood spheroid sample collection in clinical settings can be accomplished with no changes
in blood collection procedures.
Supporting Information
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