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Abstract: To combat pandemics, there is a need for rapid point-of-care diagnostics to identify infected
patients and to track the spread of the disease. While recent progress has been made in response to
COVID-19, there continues to be a need for point-of-care diagnostics capable of detecting biomarkers—
such as antibodies—in whole blood. We have recently reported the development of thermally
responsive alkane partitions (TRAPs) for the automation of point-of-care immuno-magnetic assays.
Here, we demonstrate the use of TRAPs to enable sample-to-answer detection of antibodies against
the SARS-CoV-2 virus in whole blood samples. We report a limit of detection of 84 pg/mL, well
below the clinically relevant threshold. We anticipate that the TRAP-enabled sample-to-answer
immunoassay can be used to track the progression of future pandemics, leading to a more informed
and robust clinical and societal response.
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1. Introduction

More than any other event in history, the COVID-19 pandemic raised awareness
about the debilitating lack of diagnostic capabilities in all regions of the world. Early
in the pandemic, a lack of testing led to uncontrolled community spread and uncertain
levels of disease pervasiveness due to untraced cases. As technology evolved to meet the
demands of the pandemic, both viral and serological testing played important roles in
tracking those infected. Serological testing is particularly helpful for tracking cases where
patients were not tested during the acute infection stage, which can be especially useful
in a pre-vaccination stage of a pandemic. Moreover, during the initial vaccine rollout,
serological testing can help to validate vaccination technologies. Because access to these
serological diagnostic tools can have dramatic effects on the spread of disease, increasing
access for the current pandemic and for future pandemics is necessary. To accomplish
this, serological diagnostics should be point-of-care such that they can be performed in
near-patient settings, such as a physician’s office or walk-in clinic, such that no technical
expertise or bulky equipment is required. Specifically, the diagnostic should be sample-to-
answer, meaning that it should require no user intervention or precise sample manipulation
steps [1].

Traditionally, detecting antibody-based biomarkers requires an enzyme-linked im-
munosorbent assay (ELISA), which can take hours to perform. Furthermore, ELISA-based
diagnostics are confined to central laboratories due to the need to perform precise techni-
cal steps. Efforts to transition ELISAs to the point-of-care have most notably resulted in
lateral flow immunoassays (LFIAs). In LFIAs, a sample is wicked along an ensemble of
membranes, where an immuno-sandwich forms at a specific location when the biomarker
is present; a tag on the labeling antibody (often gold nanoparticles) results in a visible
line in the readout location. LFIAs work well for non-complex samples, such as a nasal
swab. However, to be used with whole blood, the sample must first either be centrifuged to
recover the plasma from the blood sample, or the whole blood must be diluted by several
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orders of magnitude. These additional precise steps preclude the assays from being used at
the point of care. Thus, while LFIAs for SARS-CoV-2 antibodies have been published [2—4]
and some even have Emergency Authorization Use (EAU) from the Food and Drug Ad-
ministration [5], they require precise whole blood preparation steps, preventing them from
point-of-care use. Although progress has been made to integrate whole blood sample
preparation in LFIAs via serum separation pads, underlying issues remain, including ery-
throcyte clogging, high filtration pressure, and slow flow rate [6,7]. These issues are caused
by small membrane pore size; however, increasing the pore size causes poor separation
efficiency and decreased serum purity.

The field of microfluidics has offered numerous solutions aimed at point-of-care diag-
nostics [8,9]. Some microfluidic devices have demonstrated sample-to-answer capabilities
but are either prohibitively expensive due to complex manufacturing or they introduce
manual steps to swap out external tubing [10,11]. Alternatively, the field of magnetofluidics
aims to automate sample preparation steps for reagent manipulation with the simplicity of
an external magnet. In magnetofluidic systems, magnetic micro- or nanoparticles within
or on a cartridge are manipulated by an external magnet to transport bound molecules
through the steps of an assay [12-18], thus eliminating manual reagent handling steps.

For example, in Shin et al., the authors use magnetic beads manipulated by an external
magnet to capture viral RNA and transport it from one well to another, following the steps
of nucleic acid recovery and PCR amplification [19]. Magnetic beads can also be used
to capture and transport protein biomarkers through an immunoassay. Mani et al. have
engineered a magnetofluidic immunoassay for the detection of antibodies in plasma [20].
In this design, reagents incorporated into a cartridge are separated using immiscible oil.
Through immunocapture, the magnetic beads capture the biomarker from the sample and
pull the biomarker through the steps of the immunoassay under the control of an external
magnet. This innovative design eliminates the manual reagent transfer steps of typical
immunoassays. However, the oil-based partitioning is likely not stable under mechanical
agitation, such as vibrations from shipping and typical handling in the field.

Recently, we reported a novel method for automated sample and reagent manipula-
tion using thermally actuated pseudo-valves constructed of higher order alkanes [21-24].
Higher order alkanes have nine or more carbon atoms and have a high viscosity when
liquified. They are solid at room temperature and liquid at slightly elevated temperatures.
When deposited between reagents, these thermally responsive alkane partitions (TRAPs)
serve to partition prepackaged reagents in an assay cartridge and then enable sample
manipulation when liquified (via heat). Unlike oil, the TRAPs are stable under severe
mechanical agitation [25]. We have demonstrated that we can use TRAPs in two distinct
modes for sample-to-answer assay development: (1) as a removable partition for hands-
free reagent mixing following melting and (2) as a continual partition that separates assay
regions while enabling magnetic beads to be pulled through following melting, enabling
hands-free immuno-magnetic assays [25]. This TRAP behavior can be controlled through
the specific geometry of the millimeter-scale channels in which the TRAPs are confined.
For instance, TRAPs breach upon melting when using thinner TRAPs and/or broader
channels, and thus reagents flanking the TRAP mix following the thermal actuation. Con-
versely, the TRAPs remain stationary upon melting when using thicker TRAPs and/or
narrower channels, and thus reagents flanking the TRAP remain separated following the
thermal actuation.

In the present work, we use this second geometric configuration to construct a sample-
to-answer immuno-magnetic assay to quantify antibodies against the SARS-CoV-2 spike
protein in whole blood samples. In our assay, a capillary blood sample is added to a
cartridge containing several reagent zones, separated by TRAPs (Figure 1). These zones
include a sample zone in which antibodies against the SARS-CoV-2 spike protein are
captured onto magnetic beads, a labeling zone where the captured antibodies are labeled
with an enzyme-tagged secondary antibody, rinse zones to remove any excess labels, and a
detection zone to fluorescently detect the enzyme-tagged label. After melting the TRAPs
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that separate the zones, magnetic beads are pulled by an external magnet from one zone
to the next, through the permeable TRAPs, thus transporting the antibodies against the
SARS-CoV-2 spike protein through the immunoassay and into the detection zone where
they can be quantified.
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Figure 1. Schematic of sample-to-answer immunoassay from whole blood. The first zone houses
magnetic beads functionalized with SARS-CoV-2 spike proteins that capture antibodies against the
spike protein in the whole blood sample. As the cartridge is heated, the TRAPs liquify, allowing
an external magnet to pull the beads through the first TRAP to the second zone. HRP-conjugated
secondary antibodies in this second zone label any antibodies captured by the beads. These complexes
are pulled through rinses to shed any labels that are caught in the hydration layer of the bead slug
before reaching the detection zone. The detection zone contains hydrogen peroxide and Amplex Red,
which fluoresces in the presence of HRP.

Using the TRAP-enabled system, we show distinguishable fluorescence measure-
ments with a limit of detection of 84 pg/mL and a dynamic range that extends up to
1 pg/mL. In the literature, approximately 1 ng/mL [26-28] is used as the clinical threshold
cutoff to be considered positive for antibodies against the spike protein of SARS-CoV-2.
However, based on many variables that can impact immunity against viruses (number
of vaccinations, number of infections, number of exposures, time since vaccination, time
since infection, time since exposure, overall health, etc.), ranges for anti-spike antibodies
from 1 ng/mL-200 pg/mL in blood have been reported [29]. Thus, our sample-to-answer
assay enables clinically relevant detection of antibodies for SARS-CoV-2 spike protein



Biosensors 2022, 12, 1030

40f12

directly from whole blood samples. Moreover, this system can be easily modified to de-
tect additional antibodies in blood at the point-of-care, which may be important in the
next pandemic.

2. Materials and Methods
2.1. Magnetic Bead Preparation

The 1 um streptavidin magnetic beads (Pierce) are prepared by gathering 100 pL
10 mg/mL beads to the side of the tube using an external magnet, aspirating out their
buffer, and rinsing them with 200 pL of wash buffer, comprised of 25 mM Tris and 150 mM
NaCl (both from Sigma-Aldrich, St. Louis, MO, USA). The beads are again gathered to the
side of the tube using an external magnet, and the wash buffer is removed. Furthermore,
50 uL 200 pug/mL SARS-CoV-2 biotinylated spike receptor binding domain (RBD) protein
(ProSci) is added to the 1 mg washed beads and left to incubate for 1 h at room temperature.
Following this incubation, the beads are washed three times by magnetically gathering
them to the side of the tube, aspirating out the supernatant, and washing them with 200 pL
of wash buffer. On the final rinse, 25 pL of 0.1 M phosphate buffer is added to the mass of
beads, resulting in 40 mg/mL magnetic beads coated in SARS-CoV-2 spike RBD protein.

2.2. Cartridge Construction

The cartridges with channels (3 x 3 x 47 mm?®) are 3D printed with Prusament UV
sensitive resin from Prusa Research. Once cured, a coverslip (Fisher Scientific, Waltham,
MA, USA) is glued to the open face of the cartridge, covering the channel, and left to dry
overnight at room temperature. To ensure a hydrophobic surface, we incubate 423 pL
glass water repellent (Rain-X) in the cartridge for 30 min at room temperature. Following
incubation, excess glass water repellent is removed, and the cartridges are washed three
times with water.

2.3. TRAP Assay Layer Construction

Eicosane (melt temperature = 42 °C), a higher order alkane, is used to form the TRAPs
to separate each reagent layer. First, to construct the assay, the cartridges are held vertically
and filled with 50 pL solution containing 5 uM Amplex Red (Biotium, Fremont, CA, USA)
and 1 mM hydrogen peroxide (Fisher Scientific). To prepare eicosane (Alfa Aesar, Haverhill,
MA, USA), it is first melted by placing it in a glass vial on a hot plate at 120 °C. Furthermore,
30 pL of melted eicosane quickly hardens as it is deposited by a micropipette atop the
Amplex Red layer. Then, 60 pL 0.1 M phosphate buffer is added, then another 30 uL of
melted eicosane, then 60 uL 0.1 M phosphate buffer, then 30 uL of melted eicosane, then
50 puL 100 ng/mL horseradish peroxidase (HRP)-conjugated anti-rabbit IgG antibodies
(ThermoFisher), then 30 puL of melted eicosane. Finally, in the top zone, 2.5 puL 40 mg/mL
magnetic beads coated in SARS-CoV-2 spike RBD protein is added.

2.4. Blood Sample Preparation

Whole blood is withdrawn from an exposed vessel at the elbow pocket of swine
forelimbs within 15 min after the animal is euthanized. The blood is collected into an
EDTA-coated collection tube, which is then repeatedly inverted to mix the blood and
EDTA. The tube is then stored at 4 °C. Immediately preceding the experiment, the blood
is spiked with varying concentrations (0-1000 ng/mL) of rabbit SARS-CoV-2 spike RBD
protein antibodies (ThermoFisher). In addition, 50 uL spiked blood samples are added to
the top zone of the TRAP assay. All work performed with animals was completed with
approval from University of Maryland, College Park Institutional Animal Care and Use
Committee (R-AUG-20-47).

2.5. Portable Fluorescence Measurements

Fluorescence measurements are taken by placing a cartridge into a portable fluores-
cence reader designed by our lab, depicted in Figure 2. The fluorescence reader is comprised
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of 3D printed parts that secure in place an ArduCAM MTIMO001 Camera with an ArduCAM
USB2 Camera Shield (ArduCAM), a 570 nm longpass filter (Thorlabs, Newton, NJ, USA)
on the lens of the camera, two 525 nm LEDs to excite the sample, and a polyimide heater.
The sample cartridge positions the sample in a precise location relative to the camera.
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Figure 2. Schematic of portable fluorescence reader with built in heater. (A) The ArduCAM, LEDs,
filter, and heater are housed in a 3D printed handheld device. (B) The device opens to separate
the heater from the ArduCAM to insert an assay cartridge. (C) The ArduCAM is housed behind a
longpass filter to detect fluorescence produced from a sample, which is excited by LEDs built into the

K
A

device above the sample cartridge. The cartridge is placed on top of a polyimide heater to liquify
the TRAPs.

2.6. Image Processing

Image processing is performed using a MATLAB script that automatically crops an
image to a 39 x 39-pixel window. This window only contains the region of interest along a
cartridge channel. Fluorescence values reported in this paper are generated by calculating
the mean of the set of all grayscale pixel values within the pixel window.

2.7. Portable Heating

The heat required to melt eicosane in each device is supplied via a polyimide heating
pad that is adhered to the 3D printed support that holds the sample cartridge in place
(Figure 2). Upon placing a sample cartridge into its support, 6V DC is supplied across the
polyimide heater. Within two minutes of switching the power on, the temperature of the
heater reaches eicosane’s melting point (Figure S1, Electronic Supporting Information).

2.8. Sample-to-Answer Immunoassay

After the blood sample is added to the top zone of the assay and left to incubate for
30 min, the cartridge is placed on the portable heater to melt the eicosane layers. Once
melted, an external neodymium magnet (25.4 x 6.35 x 6.35 mm?) gathers and pulls the
beads across the first layer of eicosane into the zone containing HRP-conjugated antibodies.
The heater is turned off and the beads are left to incubate for 30 min. After incubating, the
heater is turned back on to melt the eicosane layers. Then, an external magnet regathers
and pulls the beads across the second layer of eicosane, into one of the zones containing
phosphate buffer. Here, the beads are released temporarily in the rinse zone to help promote
rinsing. The beads are subsequently magnetically gathered and pulled across the third
layer of eicosane, into the other zone containing phosphate buffer, and released temporarily.
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Finally, the beads are pulled across the fourth layer of eicosane into the zone containing
Amplex Red and hydrogen peroxide. The heater is turned off, and the fluorescence is
measured by the portable device 10 min after the beads reach the final zone.

2.9. Manual Bead-Based Immunoassay

We performed a bead-based ELISA with manual wash steps by adding 2.5 puL
40 mg/mL magnetic beads coated in SARS-CoV-2 spike RBD protein to 50 uL whole
blood samples spiked with SARS-CoV-2 spike RBD protein antibodies (0-1000 ng/mL).
The beads and antibodies are left to incubate at room temperature for 30 min. The beads
are gathered to the side of the tube using an external magnet, the supernatant is aspirated
out, and the beads are rinsed with 200 uL. wash buffer three times. On the final rinse, the
beads are resuspended in 50 pL 100 ng/mL HRP-conjugated anti-rabbit IgG antibodies and
left to incubate at room temperature for 30 min. The beads are again gathered to the side
of the tube using an external magnet, the supernatant is aspirated out, and the beads are
rinsed with 200 pL of wash buffer three times. On the final rinse, the beads are resuspended
for 5 min in 5 pL elution buffer, which is comprised of 0.1 M glycine (Sigma-Aldrich) at
pH 2. Then, 5 pL of supernatant is collected and added to a 50 uL solution containing
5 uM Amplex Red and 1 mM hydrogen peroxide. Fluorescence resulting from manual
bead washing is measured using a Synergy LX plate reader from BioTek (530 nm excitation,
590 nm emission, Winooski, VT, USA). After the eluted sample is added to the Amplex
Red/hydrogen peroxide solution, the liquid is moved to a 96-well plate. A fluorescence
measurement is taken after 10 min.

2.10. Capillary Tube Blood Collection

We have implemented a cap for the TRAP cartridge with a blood collection capillary
(RAM Scientific, Nashville, TN, USA). To collect blood, the fingertip is cleaned and pricked
with a lancet. Then, the capillary touches the blood droplet. The blood is quickly wicked
into the capillary tube. Once the capillary is full, the blood is loaded into the cartridge by
vertically tapping the device. The capillary cap is then removed and replaced with a closed
cap. A video of this process can be found in the Electronic Supplement.

3. Results and Discussion

We have recently shown that we can use TRAPs as stationary partitions that con-
tinually separate reagents but are permeable to magnetic beads, thus enabling magnetic
microbeads to transport bound molecules across the partition [25]. Here, we have specifi-
cally demonstrated use of TRAPs in our sample-to-answer magnetofluidic assay to quantify
antibodies against the spike protein of SARS-CoV-2. Our assay contains five separate assay
sections (1 capturing zone, 1 labeling zone, 2 rinse zones, 1 detection zone), thus our final
design requires four stationary TRAPs that are permeable to magnetic beads (Figure 3).
The first zone houses magnetic beads functionalized with SARS-CoV-2 spike proteins to
capture anti-spike antibodies in the blood sample. Upon melting the TRAPs, the antibod-
ies captured on magnetic beads are pulled through the permeable TRAPs by an external
magnet, thus transporting the antibodies from whole blood into another aqueous layer
containing HRP-conjugated secondary antibodies, which bind to the captured SARS-CoV-2
spike protein antibodies. This complex is pulled through another permeable TRAP and
into the phosphate buffer. This rinse zone greatly dilutes any unbound secondary labeling
antibodies pulled through the TRAP in the hydration layer around the bead slug. This
automation allows us to minimize the number of manual steps, which are required in the
gold standard equivalent (ELISA). Finally, the bead complex is pulled into a detection zone
containing Amplex Red and hydrogen peroxide. HRP (tagged onto the labeling antibody)
converts Amplex Red into fluorescent resorufin, thus producing a fluorescent signal that is
directly proportional to the concentration of anti-spike antibodies. In this work, the total
assay time is 70 min; however, this can be greatly decreased in a commercial device by
optimizing the incubation times.
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Figure 3. Photos of magnetic beads pulled through TRAPs in cartridge. The cartridge is heated to
melt the TRAPs. Once liquified, the magnetic beads are pulled through each of the permeable barriers.
The cartridge is removed from heat and the TRAPs harden.

We have chosen to use a channel with a 3 x 3 mm? cross-section within the cartridge,
as we previously established that this geometry is narrow enough for the TRAPs to remain
stationary as they are melted. As evidenced by Figure 3, the width of the cartridge allows
the magnetic beads to pass through the TRAPs without causing them to breach. The layers
of the assay remain separated during melting of the TRAPs, magnetic bead transit across
the TRAPs, and rehardening of the TRAPs.

We aim to use our sample-to-answer assay in a near-patient setting, which requires the
entire device to be portable and inexpensive. We have developed a handheld instrument to
both heat the TRAPs and to read the resulting fluorescence. The optical components of this
instrument are based on our previous work [24], in which we demonstrated a detection
limit comparable to a benchtop plate reader. The current iteration of this instrument
includes a built-in heater (Figure 2) to automatically melt the TRAPs after the cartridge is
inserted. The heater is comprised of a polyimide heating pad adhered to the 3D printed
support that holds the cartridge, such that, without moving the cartridge, the TRAPs can
be melted, and the camera can take fluorescence images. When the cartridge is placed into
its support, 6V DC is supplied across the heater for 2 min, after which the heater stabilizes
at 62 °C (Figure S1, Electronic Supporting Information). Characterization experiments
demonstrated that this external temperature quickly melts the eicosane (Tm =42 °C) TRAPs
inside the channel. Previous experiments showed that this temperature did not disrupt
antibody binding in the channel [25].
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After optimization of the cartridge geometry and assay conditions, we ran the full
assay to analyze blood samples spiked with a range of concentrations of antibodies against
the SARS-CoV-2 spike protein. Following a 30-min incubation once the whole blood sample
is added to allow beads to capture antibodies against the SARS-CoV-2 spike protein, the
cartridge is placed in the portable fluorescence reader atop the portable heater. The bead
slug is pulled through the immunoassay and into the detection zone as shown in Figure 3.
The heater turns off and the fluorescence is imaged by the camera 10 min after the beads
reach the detection zone. The real-time fluorescence data in Figure 4 demonstrates that
signal saturation is achieved after about ten minutes.

Fluorescence Signal for the Detection of Anti-Spike Antibodies

250
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3 200 spike antibody
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2
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©
(4]
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o
0 2 4 6 8 10 12 14

Time (minutes)

Figure 4. Fluorescence quantification of antibodies against SARS-CoV-2 spike protein in whole
blood over 14 min. The heater is turned off at t = 0 min, right after the magnetic beads reach the
detection zone.

Figure 5 shows the measured fluorescence intensity for antibody concentrations in
whole blood between 0 ng/mL and 1000 ng/mL. Using the International Union for Pure
and Applied Chemistry (IUPAC) definition of the limit of detection (the concentration
that generates a signal with a mean that is separated from the mean of the blank by three
standard deviations of the blank), the calculated limit of detection for our sample-to-answer
assay is 84 pg/mL. Similarly, using the International Organization for Standardization
(ISO) definition for the limit of detection (5% error on the blank and 5% error on a positive
sample with the lowest concentration that is identifiable as positive [30]), the calculated
limit of detection is 102 pg/mL. All values for detection limit are significantly lower than
the reported range of anti-spike antibodies in whole blood [26-29], demonstrating that this
system is clinically relevant.

For comparison with gold standard methods, we performed a manual bead-based
immunoassay (manual pipetting steps for reagent manipulation) and used a benchtop
plate reader for fluorescence quantification. The whole blood samples were spiked with
antibodies against the SARS-CoV-2 spike protein. These samples were incubated with
magnetic beads functionalized with SARS-CoV-2 spike proteins. After incubation, the beads
were manually washed before incubating with HRP-functionalized secondary antibodies.
Following incubation, again the beads were manually washed. Because the beads could not
be present when measuring fluorescence in the benchtop plate reader, on the final wash step,
the beads were resuspended in elution buffer. Finally, the supernatant was collected and
added to a plate containing Amplex Red and hydrogen peroxide. The resulting fluorescence
was measured in a benchtop plate reader (Figure 6). Note that the measured fluorescence
intensity for 100 pg/mL is more than three standard deviations above the background
fluorescence level, confirming that this concentration is within the detectable range. Using
the IUPAC definition, the calculated limit of detection of this manual bead-based assay is
68 pg/mL, comparable to our sample-to-answer assay (84 pg/mL). Likewise, using the ISO
definition, the calculated limit of detection of the manual bead-based assay is 80 pg/mL,
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similar to the performance of our sample-to-answer assay (102 pg/mL). Both methods
resulted in comparable limits of detection, suggesting that our sample-to-answer assay
does not sacrifice sensitivity as it takes on key elements of point-of-care diagnostics.

Sample-to-Answer Inmunassay
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o | o |+
2 100 0 0.1 1 10
5] " +
&+ ]
508
0 1 1 1
0 0.1 1 10 100 1000

Spike-Antibody Concentration (ng/mL)

Figure 5. Fluorescence quantification of antibodies against SARS-CoV-2 spike protein in whole blood
using our sample-to-answer immunoassay and portable fluorescence reader (1 = 3). The calculated
detection limit is 84 pg/mL using the IUPAC definition (indicated by gray vertical line). Error bars
are +/— 1 standard deviation. The insert shows the same dataset but on a smaller scale.

3 «10* Manual Bead-based Immunoassay
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Figure 6. Fluorescence quantification of antibodies against SARS-CoV-2 spike protein in whole blood
using a bead-based immunoassay with manual rinse steps and a benchtop plate reader (1 = 3). The
calculated detection limit is 68 pg/mL using the IUPAC definition. Error bars are +/— 1 standard
deviation. The insert shows the same dataset, but on a smaller scale.

The previous experiments demonstrate that this immunoassay is completely auto-
mated without sacrificing performance. However, to be truly point-of-care, assays need
to be sample-to-answer, implying that untampered samples such as whole blood must
be collected and loaded into the cartridge without any precise manual sample transfers.
Thus, point-of-care tests cannot rely on venous blood draws performed by phlebotomists
and should instead enable the patient to draw their own sample or enable easy collection
at a collection site via nurse, lab technician, or physician’s assistant. We have designed
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our device to pull a precise volume of whole blood directly from a finger stick into the
cartridge via a capillary tube. The capillary tube is built into the cap (Figure 7A), which
when contacted with the blood sample (Figure 7B), quickly wicks blood (Figure 7C) until a
precise volume is reached (Figure 7D). The cartridge is then tapped to empty the blood into
the channel (Figure 7E), and the capillary tube cap is exchanged with a sealed cap after the
sample is loaded (Figure 7F). This entire process can be completed in 165 s (see the video in
the Electronic Supporting Information). The integration of this sample collection step is
crucial for sample-to-answer diagnostics as there are no precise manual sample transfer or
preparation steps required of the user.

Place capillary Touch capillary  Collect blood until Tap channel to dispel  Replace capillary
top on cartridge to blood source it reachesfillline blood into cartridge top with sealed top

Figure 7. Photos of demonstration of capillary-based cap for automated blood collection. (A) First,
the capillary cap is placed on the cartridge; then, (B) the capillary is placed in contact with the blood
sample (e.g., droplet on a fingertip) and (C) blood is quickly (i.e., 60 s) wicked into the capillary until
(D) a precise volume is reached. (E) The cartridge is tapped vertically to dispel blood into the cartridge,
and (F) the capillary cap is replaced with the sealed cap. A video of a whole blood sample being
loaded into the cartridge can be viewed in a video included in the Electronic Supporting Information.

4. Conclusions

In this work, we have developed a sample-to-answer assay for the detection of an-
tibodies against the SARS-CoV-2 spike protein in whole blood. We report a detection
limit that is below the clinical threshold cutoff to be considered positive for anti-spike
antibodies. Fluorescence measurements were taken using a portable reader containing a
built-in heater to integrate sample preparation steps into the overall system. Finally, we
have also integrated the blood collection step using a built-in capillary tube.

Further work will continue to improve our system. Movement of the external magnet
will be motorized for full automation. In addition, the portable fluorescence imager can be
further miniaturized by replacing the ArduCam (which is useful for prototyping) with a
simple photodetector. We also hope to further optimize the assay by reducing the incubation
time required in each zone. Additional future work will broaden the applications of the
TRAP-enabled magnetofluidic assay. For instance, other antibody biomarkers can be
detected by using a different antigen on the magnetic beads. As an example, in this work,
we detected the antibody to the spike protein, which indicates exposure to either the virus
or vaccine; in contrast, for an assay to indicate exposure to the virus only, one could use
the nucleocapsid antigen. More generally, any biomarker molecule—including protein
and DNA sequences—can be detected with this point-of-care technology by utilizing
the appropriate capture molecule. Finally, this technology can be deployed in the next
pandemic or for other urgent point-of-care blood assays to improve accessibility to testing.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/bios12111030/s1, Figure S1: Validation of portable heater; Video S1:
Demonstration of blood collection and loading.

Author Contributions: Conceptualization, M.L.E. and LM.W.; methodology, M.L.E. and D.].B.; soft-
ware, D.].B.; validation, M.L.E.; formal analysis, M.L.E.; data curation, M.L.E.; writing—original draft


https://www.mdpi.com/article/10.3390/bios12111030/s1
https://www.mdpi.com/article/10.3390/bios12111030/s1

Biosensors 2022, 12, 1030 11 of 12

preparation, M.L.E.; writing—review and editing, LM.W.; project administration, LM.W.; funding
acquisition, LM.W. All authors have read and agreed to the published version of the manuscript.

Funding: M.E. is supported by the National Science Foundation Graduate Research Fellowship (DGE
1840340). D.B. is supported by NIH/NHLBI RO1AI166417.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors acknowledge the laboratory of Jenna Mueller, including Tri Tien
Quang for providing whole blood from pigs.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Everitt, M.L,; Tillery, A.; David, M.G.; Singh, N.; Borison, A.; White, .M. A critical review of point-of-care diagnostic technologies
to combat viral pandemics. Anal. Chim. Acta 2020, 1146, 184-199. [CrossRef] [PubMed]

2. Conte, D.D.; Carvalho, ] M.A; Luna, L. K.D.S,; Faico-Filho, K.S.; Perosa, A.H.; Bellei, N. Comparative analysis of three point-
of-care lateral flow immunoassays for detection of anti-SARS-CoV-2 antibodies: Data from 100 healthcare workers in Brazil.
Braz. ]. Microbiol. 2021, 52, 1161-1165. [CrossRef] [PubMed]

3. Li, Z;Yi, Y,; Luo, X,; Xiong, N.; Liu, Y,; Li, S.; Sun, R.; Wang, Y.; Hu, B.; Chen, W,; et al. Development and Clinical Application of A
Rapid IgM-IgG Combined Antibody Test for SARS-CoV-2 Infection Diagnosis. J. Med. Virol. 2020, 92, jmv.25727. [CrossRef] [PubMed]

4.  Pieri, M.; Nicolai, E.; Nuccetelli, M.; Sarubbi, S.; Tomassetti, E; Pelagalli, M.; Minieri, M.; Terrinoni, A.; Bernardini, S. Validation of
a quantitative lateral flow immunoassay (LFIA)-based point-of-care (POC) rapid test for SARS-CoV-2 neutralizing antibodies.
Arch Virol. 2022, 167, 1285-1291. [CrossRef] [PubMed]

5. Schuler, C.E, IV,; Gherasim, C.; O’Shea, K.; Manthei, D.M.; Chen, J.; Giacherio, D.; Troost, J.P.; Baldwin, J.L.; Baker, J.R., Jr.
Accurate point-of-care serology tests for COVID-19. PLoS ONE 2021, 16, €0248729. [CrossRef] [PubMed]

6.  Thorslund, S.; Klett, O.; Nikolajeff, F.; Markides, K.; Bergquist, J. A hybrid poly(dimethylsiloxane) microsystem for on-chip whole
blood filtration optimized for steroid screening. Biomed Microdevices 2006, 8, 73-79. [CrossRef]

7. Demirci, U.; Wang, S.; Sarenac, D.; Chen, M.H.; Huang, S.-H.; Giguel, FF.; Kuritzkes, D.R. Simple filter microchip for rapid
separation of plasma and viruses from whole blood. Int. J. Nanomed. 2012, 7, 5019-5028. [CrossRef]

8.  Mejia-Salazar, ].R.; Rodrigues Cruz, K.; Materon Vasques, E.M.; Novais de Oliveira, O., Jr. Microfluidic Point-of-Care Devices:
New Trends and Future Prospects for eHealth Diagnostics. Sensors 2020, 20, 1951. [CrossRef]

9. Sachdeva, S.; Davis, R.W.; Saha, A.K. Microfluidic Point-of-Care Testing: Commercial Landscape and Future Directions.
Front. Bioeng. Biotechnol. 2021, 8, 602659. [CrossRef]

10. Shen, K.-M,; Sabbavarapu, N.M.; Fu, C.-Y,; Jan, J.-T.; Wang, J.-R.; Hung, S.-C.; Lee, G.-B. An integrated microfluidic system for
rapid detection and multiple subtyping of influenza A viruses by using glycan-coated magnetic beads and RT-PCR. Lab Chip.
2019, 19, 1277-1286. [CrossRef]

11. Cao, Q.; Mahalanabis, M.; Chang, ]J.; Carey, B.; Hsieh, C.; Stanley, A.; Odell, C.A.; Mitchell, P.; Feldman, J.; Pollock, N.R ; et al.
Microfluidic Chip for Molecular Amplification of Influenza A RNA in Human Respiratory Specimens. PLoS ONE 2012, 7, e33176.
[CrossRef] [PubMed]

12. Noh, J.Y;; Yoon, S-W.; Kim, Y,; Van Lo, T.; Ahn, M.-]; Jung, M.-C,; Le, T.B.; Na, W.; Song, D.; Le, V.P; et al. Pipetting-based immunoassay
for point-of-care testing: Application for detection of the influenza A virus. Sci. Rep. 2019, 9, 16661. [CrossRef] [PubMed]

13.  Neto, M.E; Butzler, M.A.; Reed, J.L.; Rui, X.; Fisher, M.].; Kelso, D.M.; McFall, S.M. Immiscible phase filter extraction and
equivalent amplification of genotypes 1-6 of hepatitis C RNA: The building blocks for point-of-care diagnosis. J. Virol. Methods
2017, 248, 107-115. [CrossRef] [PubMed]

14.  Ferguson, B.S.; Buchsbaum, S.F; Wu, T-T.; Hsieh, K;; Xiao, Y.; Sun, R.; Soh, H.T. Genetic analysis of HIN1 influenza virus from throat
swab samples in a microfluidic system for point-of-care diagnostics. J. Am. Chem. Soc. 2011, 133, 9129-9135. [CrossRef] [PubMed]

15. Misuk, V.; Mai, A.; Giannopoulos, K.; Alobaid, E; Epple, B.; Loewe, H. Micro magnetofluidics: Droplet manipulation of double
emulsions based on paramagnetic ionic liquids. Lab A Chip 2013, 13, 4542-4548. [CrossRef] [PubMed]

16. Gladius, A.W.; Hoving, S.; Mendelawi, M.; Sheeba, H.S.; Agar, D.W. Non-Invasive Manipulation of Two-Phase Liquid-Liquid
Slug Flow Parameters Using Magnetofluidics. Micromachines 2021, 12, 1449. [CrossRef]

17.  Chen, L.; Wen, K,; Chen, E-E.; Trick, A.Y.; Liu, H.; Shao, S.; Yu, W.; Hsieh, K.; Wang, Z.; Shen, ] ; et al. Portable Magnetofluidic
Device for Point-of-Need Detection of African Swine Fever. Anal. Chem. 2021, 93, 10940-10946. [CrossRef]

18. Lin, G.; Fomin, V.M.; Makarov, D.; Schmidt, O.G. Supervised discriminant analysis for droplet micro-magnetofluidics.
Microfluid. Nanofluid. 2015, 19, 457-464. [CrossRef]

19. Shin, D.J,; Trick, A.Y.; Hsieh, Y.-H.; Thomas, D.L.; Wang, T.-H. Sample-to-Answer Droplet Magnetofluidic Platform for Point-of-

Care Hepatitis C Viral Load Quantitation. Sci. Rep. 2018, 8, 9793. [CrossRef]


http://doi.org/10.1016/j.aca.2020.10.009
http://www.ncbi.nlm.nih.gov/pubmed/33461715
http://doi.org/10.1007/s42770-021-00498-z
http://www.ncbi.nlm.nih.gov/pubmed/33871824
http://doi.org/10.1002/jmv.25727
http://www.ncbi.nlm.nih.gov/pubmed/32104917
http://doi.org/10.1007/s00705-022-05422-w
http://www.ncbi.nlm.nih.gov/pubmed/35377034
http://doi.org/10.1371/journal.pone.0248729
http://www.ncbi.nlm.nih.gov/pubmed/33725025
http://doi.org/10.1007/s10544-006-6385-7
http://doi.org/10.2147/IJN.S32579
http://doi.org/10.3390/s20071951
http://doi.org/10.3389/fbioe.2020.602659
http://doi.org/10.1039/C8LC01369A
http://doi.org/10.1371/journal.pone.0033176
http://www.ncbi.nlm.nih.gov/pubmed/22457740
http://doi.org/10.1038/s41598-019-53083-8
http://www.ncbi.nlm.nih.gov/pubmed/31723156
http://doi.org/10.1016/j.jviromet.2017.06.016
http://www.ncbi.nlm.nih.gov/pubmed/28673855
http://doi.org/10.1021/ja203981w
http://www.ncbi.nlm.nih.gov/pubmed/21561070
http://doi.org/10.1039/c3lc50897h
http://www.ncbi.nlm.nih.gov/pubmed/24108233
http://doi.org/10.3390/mi12121449
http://doi.org/10.1021/acs.analchem.1c01814
http://doi.org/10.1007/s10404-015-1579-z
http://doi.org/10.1038/s41598-018-28124-3

Biosensors 2022, 12, 1030 12 of 12

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

Mani, V,; Paleja, B.; Larbi, K.; Kumar, P; Tay, ].A.; Siew, ].Y,; Inci, E; Wang, S.; Chee, C.; Wang, Y.T.; et al. Microchip-based ultrafast
serodiagnostic assay for tuberculosis. Sci. Rep. 2016, 6, 35845. [CrossRef]

Goertz, J.P.; White, LM. Phase-Change Partitions for Thermal Automation of Multistep Reactions. Anal. Chem. 2018, 90, 3708-3713.
[CrossRef] [PubMed]

Goertz, ].P; Colvin, KM.; Lippe, A.B.; Daristotle, J.L.; Kofinas, P.; White, LM. Multi-Stage Chemical Heating for Instrument-Free
Biosensing. ACS Appl. Mater. Interfaces 2018, 10, 33043-33048. [CrossRef] [PubMed]

Goertz, J.; Lippe, A.; White, I. Thermally-Triggered Effervescent Mixing for Assay Automation. ChemRxiv 2018. [CrossRef]
Everitt, M.L.; Boegner, D.].; Birukov, K.G.; White, LM. Sample-to-Answer Diagnostic System for the Detection of Circulating
Histones in Whole Blood. ACS Sens. 2021, 6, 3006-3012. [CrossRef]

Boegner, D.J.; Everitt, M.L.; White, LM. Thermally Responsive Alkane Partitions for Assay Automation. ACS Appl. Mater. Interfaces
2022, 14, 8865-8875. [CrossRef]

Solbach, W.; Schiffner, J.; Backhaus, I; Burger, D.; Staiger, R.; Tiemer, B.; Bobrowski, A.; Hutchings, T.; Mischnik, A. Antibody Profiling
of COVID-19 Patients in an Urban Low-Incidence Region in Northern Germany. Front. Public Health 2020, 8, 570543. [CrossRef]
Wheeler, S.E.; Shurin, G.V.; Yost, M.; Anderson, A.; Pinto, L.; Wells, A.; Shurin, M.R. Differential Antibody Response to mRNA
COVID-19 Vaccines in Healthy Subjects. Microbiol. Spectr. 2021, 9, e00341-21. [CrossRef]

Uysal, E.B.; Glimiis, S.; Bektore, B.; Bozkurt, H.; Gozalan, A. Evaluation of antibody response after COVID-19 vaccination of
healthcare workers. J. Med. Virol. 2022, 94, 1060-1066. [CrossRef]

Tan, X.; Krel, M.; Dolgov, E.; Park, S; Li, X.; Wu, W.; Sun, Y.-L.; Zhang, J.; Oo, M.K.K.; Perlin, D.S.; et al. Rapid and quantitative
detection of SARS-CoV-2 specific IgG for convalescent serum evaluation. Biosens. Bioelectron. 2020, 169, 112572. [CrossRef]
Borysiak, M.D.; Thompson, M.].; Posner, J.D. Translating diagnostic assays from the laboratory to the clinic: Analytical and
clinical metrics for device development and evaluation. Lab Chip 2016, 16, 1293-1313. [CrossRef]


http://doi.org/10.1038/srep35845
http://doi.org/10.1021/acs.analchem.7b05400
http://www.ncbi.nlm.nih.gov/pubmed/29468870
http://doi.org/10.1021/acsami.8b11611
http://www.ncbi.nlm.nih.gov/pubmed/30207445
http://doi.org/10.26434/chemrxiv.7094297.v1
http://doi.org/10.1021/acssensors.1c00886
http://doi.org/10.1021/acsami.2c00493
http://doi.org/10.3389/fpubh.2020.570543
http://doi.org/10.1128/Spectrum.00341-21
http://doi.org/10.1002/jmv.27420
http://doi.org/10.1016/j.bios.2020.112572
http://doi.org/10.1039/C6LC00015K

	Introduction 
	Materials and Methods 
	Magnetic Bead Preparation 
	Cartridge Construction 
	TRAP Assay Layer Construction 
	Blood Sample Preparation 
	Portable Fluorescence Measurements 
	Image Processing 
	Portable Heating 
	Sample-to-Answer Immunoassay 
	Manual Bead-Based Immunoassay 
	Capillary Tube Blood Collection 

	Results and Discussion 
	Conclusions 
	References

