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Point-of-Care Testing

Digital Microfluidic Hemagglutination Assays for Blood
Typing, Donor Compatibility Testing, and Hematocrit
Analysis

BACKGROUND: Blood typing, donor compatibility testing, and hematocrit analysis are common tests that are
important in many clinical applications, including those
found in high-stakes settings such as the trauma center.
These tests are typically performed in centralized laboratories with sample batching; the minutes that are lost in
this mode can lead to adverse outcomes, especially for
critical-care patients. As a step toward providing rapid
results at the bedside, we developed a point-of-care
hemagglutination system relying on digital microfluidics
(DMF) and a unique, automated readout tool, droplet
agglutination assessment using digital microfluidics
(DAAD).
METHODS: ABO and Rhesus blood grouping, donor
crossmatching, and hematocrit assays were developed on
a portable DMF platform that allowed for automated
sample processing. The result of each assay could be
determined by eye or automatically with the DAAD
imaging tool.
RESULTS: DMF-DAAD was applied to 109 samples collected from different sources (including commercial
samples, pinpricks from volunteers, and a hospital blood
bank), with perfect fidelity to gold-standard results.
Some of these tests were carried out by a nonexpert in a
hospital trauma center. Proof-of-concept results were
also collected from smaller sample sets for donor compatibility testing and hematocrit analysis.
CONCLUSION: DMF-DAAD shows promise for delivering rapid, reliable results in a format well suited for a
trauma center and other settings where every minute
counts.
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Blood typing, donor compatibility testing, and hematocrit measurements are performed to ensure the compatibility of the donor red blood cells (RBCs), plasma, or
platelets with the transfusion recipient and to determine
the need for transfusion. These tests are routinely performed in a number of settings, including prior to blood
transfusions (1) and organ transplants (2), for the management of trauma patients (3), and for pretransfusion
testing for patients with anemia or leukemia, or patients
undergoing surgery (4). These tests are typically implemented using one of 2 strategies for analysis. In strategy
1, blood samples are collected, transported to a centralized laboratory, centrifuged to separate red RBCs from
plasma, and then batched before evaluation using automated instruments such as the ORTHO VISIONV
Analyzer (Ortho Clinical Diagnostics), a robotic platform that evaluates samples in multiplexed gel-filled columns. This strategy can add minutes to hours to the test
time, which is adequate for many patients but can be
life-threatening for those in trauma care and other highstakes environments, because uncontrolled hemorrhage
can lead to death in under 30 min after injury (5–8).
Strategy 2 is used in contexts in which centralized laboratories are not available, where portable point-of-care
tests are performed directly on whole blood at or near
the site that the samples are collected. For example,
TM
products like the ELDON card (Eldon Biologicals), a
test in which the user smears blood onto a flat surface to
identify antibody-driven hemagglutination, are often
used in remote and emergency scenarios (9).
Unfortunately, user mishandling and misinterpretation
of results is an Achilles’ heel for this strategy, and additionally, these techniques are typically not amenable to
integration with modern digital record-keeping
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automated instrument that features in-line analysis via an
inexpensive camera combined with a unique imageprocessing algorithm that is insensitive to environmental
conditions, in a format suitable for the trauma center and
other point-of-care settings.
Methods
Detailed methods and procedures are provided in the
Supplemental Information file.
Results
DIGITAL MICROFLUIDIC HEMAGGLUTINATION ASSAYS

Multiplexed, microfluidic hemagglutination assays were developed and implemented using a miniaturized instrument
(Fig. 1, A) comprising a DMF device for reagent and sample manipulation, an open-source DropBot control system
(22) for droplet manipulation on the DMF device, a pump
for reconstitution of lyophilized assay reagents, a low-cost
webcam for automated analysis, and a laptop computer.
The DMF device comprises 2 plates, a bottom plate
containing an array of actuation electrodes used to manipulate droplets containing assay reagents or blood samples,
and a top plate that acts as a counter electrode.
Hemagglutination assays are realized by metering out
whole blood droplets onto the array of electrodes, where
they are mixed with droplets of agglutination antibodies
(blood typing), donor plasma (compatibility), or chemical
agglutination agents (hematocrit). For blood typing, antiA, anti-B, anti-AB, or anti-D antibodies are each mixed
with separate droplets of whole blood (Fig. 1, B,
Supplemental Movie 1), followed by assessment of the agglutination state of RBCs. The anti-AB mixture provides
some internal redundancy as a control. In other experiments, a negative control was included as a test for cold
agglutinins that could cause nonspecific agglutination (23).
Likewise, for donor plasma compatibility testing, a droplet
of whole blood is mixed with a plasma droplet of a potential donor sample, followed by assessment of the agglutination of RBCs. Finally, for hematocrit testing, a chemical
agglutination agent is mixed with the blood sample,
followed by an assessment of the degree of RBC agglutination. The general procedure for each of these variations is
similar, with small variations reported in Supplemental
Table 2. In most of the experiments reported here, the
different tests were performed separately, but as illustrated in Supplemental Movie 2, they can be run in
parallel (on the same device) as needed. The entire
process requires less than 6 min to complete.
Because of the need for an operator-proof method
that would remove manual steps that could impact test
results, we developed techniques to store dried reagents
on devices such that they could be reconstituted ondemand, joining a small number of previous reports
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practices. As a result, strategy 2 techniques have failed to
win the trust of clinicians and regulatory agencies
(10–15), and in most jurisdictions are only approved only
for personal use, not for pretransfusion screening (16).
Unfortunately, the limitations of strategy 1 and
strategy 2 for blood analysis puts clinicians in the modern trauma care facility in a difficult position. In the
absence of rapid tests that that can be implemented at
the point of care with high reliability, trauma physicians
often rely on blood products from universal blood
donors (i.e., group O RBCs and group AB plasma).
These products are in chronic short supply and inventories are often below target levels (17). Thus, there is a
need for a rapid, reliable point-of-care test that could
reduce the dependence on these scarce blood products
and, in turn, extend the geographic scope in which
emergency transfusions could be safely provided.
The microfluidics community has responded to the
limitations described previously with great ingenuity,
with a particular emphasis on microfluidic blood typing.
Specifically, there are 42 different blood-typing methods
reported in the peer-reviewed literature (Supplemental
Table 1). While these techniques represent important
milestones for the field, a close look suggests that none of
them provide relief from the strategy 1 and strategy 2
problems described above. That is, of the 42 reports, 19
rely on large, un-integrated detectors such as microscopes
or spectrometers, making them unsuitable for analysis at
the point of care (similar to strategy 1). Likewise, 18 of
the reports rely on subjective evaluation of visual results
and 26 require extensive manual intervention steps (e.g.,
centrifugation, mixing with reagents) before analysis
(similar to strategy 2). All of the previously published
microfluidic blood-typing papers shown in Supplemental
Table 1 fall into at least one of these categories, with several of them falling into 2. Finally, and most importantly,
none of these previous reports includes any data collected
outside of the research laboratory by nonexperts, a characteristic that is increasingly becoming important for
reports describing methods that are claimed to be useful
for point-of-care applications (18).
Here, we introduce a new microfluidic blood-typing,
donor testing, and hematocrit-measurement system that
overcomes the limitations described previously. The new
system relies on digital microfluidics (DMF), a liquid
handling technology in which discrete nano- to microliter sized droplets are manipulated on an open array of
electrodes through the application of electrical potentials
(19, 20). DMF automates routine liquid handling operations such as mixing, splitting, and metering of samples,
and can be operated in remote, resource-limited settings
using simple and portable instrumentation (21). This system represents a bridge between strategies 1 and 2 described above. The new system can run each of the
reported assays within 6 min in a portable, fully
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(24–26) of DMF devices with this feature. Reagents
prepared as described here dissolve nearly instantaneously on exposure to droplets of reconstitution solvent (Supplemental Movie 3). In designing the

reconstitution system, a micro-pump was integrated in a
unique configuration using the DMF controller’s capacitance measurements as feedback for managing the
output of the pump. Specifically, the pump state and
Clinical Chemistry 67:12 (2021)
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Fig. 1. Digital microﬂuidics (DMF) instrument and hemagglutination assays. (A) Rendered image of a DMF device and instrument. (B) Cartoons (left columns) and photographs (right columns) illustrating hemagglutination assay steps for simultaneous
blood typing and hematocrit measurement. (i) A DMF device has 4 dried blood-typing antibodies (cartoon: blue—anti-A, yellow—
anti-B, orange—anti-A, B, and green—anti-D) for the blood-typing assay and a dried chemical agglutination agent (pink) for the
hematocrit assay. (ii) Reconstitution solvent is loaded into the reservoir of the DMF device and 5 unit-droplets (cartoon: gray)
are dispensed by DMF electrode actuation. (iii) The dispensed droplets are moved to dissolve the lyophilized reagents, while
whole blood (cartoon: red) is loaded into a reservoir and 5 unit-droplets are dispensed. (iv) Each blood droplet is merged with a
reagent droplet, forming double-unit product droplets. (v) The product droplets are mixed. (vi) Images are captured. See color
ﬁgure online at clinchem.org.

AUTOMATED ANALYSIS OF HEMAGGLUTINATION BY DAAD

To complement the microfluidic method described previously, we developed an image analysis algorithm to assess agglutination state. This approach has been a
popular one for microfluidic blood-typing techniques,
and common implementations include analyzing the local pixel intensity variance (27–29) or the standard deviation of the pixel intensities of background-subtracted
images (30). These methods work reasonably well, but
on initial testing they were deemed to be not attractive
for the work described here since they required ideal imaging conditions (optimal light, exposure, white balance,
and the need to be directly perpendicular to the object),
and expensive imaging equipment (i.e., a high-end
professional digital single-lens reflex camera with macro
lens or microscope setup).
We developed a method that we call droplet agglutination assessment on digital microfluidics (DAAD),
which relies on open-source image analysis tools.
Specifically, DAAD has the following advantages: it can
be applied to any image that is captured under any condition by any camera, the process is fast (in 500 tests
with randomly selected images from the pool of all available images reported as mean 6 SD, the time required
from image to result is 263 6 4 ms), and has minimal
computational requirements because it relies on simple
matrix operations.
The first steps of a DAAD analysis for blood typing
are represented in Fig. 2, A. An image of a device is corrected for perspective, the location of the droplets is determined automatically (unsupervised detection) and
1702 Clinical Chemistry 67:12 (2021)

subimages of the droplets are extracted and normalized
to the full range of the camera sensitivity. The subimages are then flattened into linear arrays and sorted
according to pixel values (Fig. 2, B), and a simple linear
fit applied to empirically determined regions of the data
is used to determine an agglutination score, which (on
comparison to a threshold) yields a binary assignment
for agglutination. The process was designed to be
platform-neutral, yielding equivalent results regardless
of camera, angle, distance, light intensity, or white balance. For example, representative data collected with 2
different cameras under 4 different imaging conditions
are shown in Supplemental Fig. 4.
DAAD was calibrated for blood typing on 25 samples of blood evaluated on DMF devices (representing
100 images of droplets with or without agglutination)
with blood type verified by gold-standard analysis by the
manual tube method (Supplemental Information file).
A vertical scatter plot of the agglutination scores for the
100 DAAD-generated agglutination scores sorted by
known types is shown in Fig. 2, C, and a receiver operating characteristic curve of this data is shown in Fig. 2,
D. From these data, a binary threshold was defined,
which was applied to the experiments described below.
DMF-DAAD FOR BLOOD TYPING, DONOR TESTING, AND
HEMATOCRIT MEASUREMENTS

Armed with an integrated method, we evaluated performance of DMF-DAAD for blood typing, donor testing,
and hematocrit analysis. For blood typing, a validation
set of 60 samples (representing 240 measurements of agglutination with the 4 antibodies) was compiled from
32 samples from commercial sources (with blood types
given by the vendor but blinded to the DMF operator),
16 finger-stick samples from anonymous donors with
known type (with blood types blinded to the operator),
and 12 finger-stick samples from volunteers with unknown blood type (thus double blinded, Supplemental
Table 3). Each sample was given an identifier and evaluated using DMF-DAAD. The DMF assays included a
mix of in-solution and freeze-dried and stored reagents,
and images were captured by a random mix of the 2 digital cameras used in this study. Digital patient cards
were generated from each sample in the validation set,
with examples for each blood type evaluated in the study
shown in Fig. 3, A. The DMF-DAAD results (with binary thresholds generated from the unrelated 25-sample
calibration set) had an accuracy of 100% (Fig. 3, B).
Finally, as a comparison, the same calibration set and
validation set of blood-typing results were evaluated by
alternative algorithms adapted from previous reports
(27–30). DAAD was the only algorithm that exhibited
perfect assignment of agglutination to all of the images
in both sets (Supplemental Fig. 5).
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flow rate are controlled by frequency modulation
(Supplemental Fig. 1), and a closed-loop control procedure (Supplemental Fig. 2) was developed to allow for
automated reservoir filling and refilling, for hands-free
operation (Supplemental Movie 4). The dried reagent
format is more convenient for end users, but it must be
noted that some of the data reported here was collected
using liquid reagent format; both are described in detail
in the Supplemental Information file.
After the user has loaded the sample onto a device
and pressed the appropriate button on the graphic user
interface (Supplemental Fig. 3, A), the analysis is implemented automatically, and the results are returned to
the operator as a digital patient card (i.e., a stylized window on the laptop screen, as shown in Supplemental
Fig. 3, B) and are stored in the computer memory. It
should be possible to integrate this type of system with
in-line bar-code reading (21) to log patient, device, and
assay information into the records. It should be straightforward for the system described here to share results
and metadata wirelessly with the hospital’s laboratory
information management system.

Digital Microfluidic Blood Analysis

We next evaluated the potential application of the
new platform to blood donor–recipient crossmatching,
an extra step that is performed in some settings to
ensure compatibility immediately prior to transfusion.
Specifically, the first step in all transfusions is to determine the blood type of the recipient according to the

ABO/RhD system, to be able to identify acceptable
blood types for the donor (e.g., Bþ donors for a Bþ recipient). In some cases, an additional compatibility step
may be performed, in which plasma from a potential
donor is tested directly for agglutination with the recipient’s blood. An example of a mock crossmatching test
Clinical Chemistry 67:12 (2021)
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Fig. 2. Droplet agglutination assessment on digital microﬂuidics. (A) Representative images. (i) A device image is captured at an
angle and then (ii) corrected for perspective. (iii) The center of the image is isolated, (iv) region of interest (ROI) images (red
boxes) are determined, and (v) assigned to the antibody used for agglutination. (B) Plots of pixel intensity as a function of pixel
number for the images in (A), for agglutination with anti-A (top left, blue), anti-B (top-right, yellow), anti-AB (bottom-left, orange), and anti-D (bottom-right, green). Lines are ﬁtted (red dashes) between 42% and at 84% of the pixels (gray dashed lines),
and the slopes are deﬁned as agglutination scores. Insets are preprocessed ROI images of the droplets corresponding to each
plot. (C) Scatter plot of agglutination scores of 100 ROI images from a calibration set (n ¼ 25 samples) including 71 positive (agglutinated) and 29 negative (nonagglutinated) droplets. The empirically determined threshold is shown in gray, and the numbers in green and red indicate the numbers of correct and incorrect assessments, respectively. (D) Receiver operating
characteristic curve of the data in C). AUC, area under the curve. See color ﬁgure online at clinchem.org.

executed by DMF hemagglutination and analyzed by
DAAD is shown in Supplemental Fig. 6. In this example, 2 of 4 potential donors were found to be compatible
with a potential recipient. A more extensive crossmatching dataset is shown in Supplemental Fig. 7. In this collection of tests, 6 samples from donors were collected,
and each whole blood sample from a recipient was
cross-matched with plasma samples from the others, as
mock donors (Supplemental Fig. 7, A). To confirm
these results, the opposite experiment was then performed, in which each plasma sample from a donor was
cross-matched with whole blood samples from the
others (Supplemental Fig. 7, B). The 2 datasets represent the inverse of each other, suggesting promise for using DMF-DAAD for this niche application.
Finally, the techniques developed for blood typing
and donor testing were adapted to measuring hematocrit. In initial experiments, addition of a nonspecific
chemical agglutination agent (Merquat-100) to blood
was found to cause the formation of an agglutinate with
size that correlated with the RBC count and size, and
thus, the hematocrit. DAAD was modified for these
experiments to generate a quantitative hematocrit score
(Fig. 4, A), as opposed to the binary agglutination score/
threshold used for blood typing and donor compatibility. Calibration data for the DAAD hematocrit score
(Fig. 4, B) for samples with a range of known hematocrits (20–60%) showed a correlation of R2 ¼ 0.9990 between the values. The method was then applied to
evaluate 12 donor whole blood samples with unknown
hematocrit. A Bland–Altman analysis (Fig. 4, C)
showed that the DMF-DAAD measurements fell within
the 95% confidence interval of the gold-standard microhematocrit method (detailed in the Supplemental
Information File).
1704 Clinical Chemistry 67:12 (2021)

DMF-DAAD BLOOD TYPING AT THE POINT OF CARE

A pilot study was conducted to evaluate the performance of the new technique when operated on-site in
Canada’s largest trauma treatment center, located in
Sunnybrook Health Sciences Centre. These experiments
were conducted using the DMF-DAAD instrument
running on battery power, operated by Sunnybrook staff
who were previously naı̈ve to microfluidic technologies.
A set of 24 blood samples submitted for routine pretransfusion testing to the Sunnybrook blood bank were
evaluated in a double-blind study by the gold-standard
ORTHO VISION Analyzer and by DMF-DAAD. On
un-blinding, there was perfect agreement between the 2
techniques (Supplemental Table 4) as well as with
results generated by visual inspection of DMF devices.
In other experiments, the performance of a popular
commercial, portable blood-typing test, the ELDON
card system, was evaluated. Representative results collected from each of the 3 techniques (the ORTHO
VISION Analyzer, DMF-DAAD, and the ELDON
card) are shown in Supplemental Table 5.
Discussion
We developed a portable digital microfluidic system to
carry out hemagglutination assays. The system includes
multiple technical advances relative to the only DMF
system previously reported to be useful for analysis outside of the laboratory (21), including the addition of a
micro-pump that is managed in a unique closed-loop
system relying on droplet capacitance measurements for
automated, in-line dissolution of stored, lyophilized
reagents, and a custom image analysis algorithm for
rapid analysis of agglutination state.
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Fig. 3. Validation of DMF blood-typing method. (A) Representative digital patient cards from the validation set (n ¼ 60). (B) Scatter
plot of ratios of agglutination scores for the 240 ROI images in the validation set relative to the binary threshold (cutoff) established from the calibration set. Numbers in green and red indicate the numbers of correct and incorrect assessments, respectively.
See color ﬁgure online at clinchem.org.

Digital Microfluidic Blood Analysis

We are aware of 3 previous reports (26, 31, 32) of
agglutination applications implemented by DMF. Two
reports (31, 32) describe agglutination assays for biomarker detection, and were implemented in open (single-plate) DMF devices. The open format is useful for
method development and sample accessibility, but is
not compatible with the type of portable analyzer desired for the work described here. Specifically, in singleplate DMF devices, the sample is exposed directly to the

environment posing risks to the sample (e.g., evaporative losses) and the user (biosafety concerns) and droplets can be displaced with minimal forces (e.g., an
accidental shake of the instrument). The third report
(26) describes a lectin-based agglutination procedure for
separating plasma from blood, which is functional rather
than the analytical assays introduced here. Beyond
DMF, there are number of microfluidic methods that
have been developed for blood-typing donor
Clinical Chemistry 67:12 (2021)
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Fig. 4. DMF hematocrit determination. (A) Representative ROI images (left) of agglutinated blood samples with varying hematocrit values, and plots of pixel intensity as a function of pixel number (right) for each of the images, with purple, red, green, orange, and blue line colors corresponding to 60%, 50%, 40%, 30%, and 20% hematocrit, respectively. The integrals of the pixel
intensities between 15% and 85% of the total number of pixels (vertical dashed lines) were deﬁned as the hematocrit scores. (B)
Calibration curve of DAAD hematocrit scores (markers) as a function of known hematocrit values. Error bars represent 61 SD for
n ¼ 3 experiments per condition. (C) Bland–Altman plot comparing hematocrit measurements from 12 ﬁnger-prick whole blood
samples made using the reference technique (actual hematocrit) and the digital microﬂuidic technique (estimated hematocrit).
The mean difference between the 2 methods (blue dotted line) and 61.96 SD (red dotted lines) is shown. See color ﬁgure online at clinchem.org.

additional set of 24 samples from a hospital blood bank
was also evaluated, in a hospital trauma-center setting in
which the DMF-DAAD system was operated by a user
without previous microfluidics experience, again with
100% accuracy.
Finally, proof-of-concept results were generated for
using the same system for donor plasma crossmatching,
an application of current interest given the use of convalescent plasma to treat COVID-19 (33) and hematocrit
analysis, assays that can be performed separately or in
parallel (on the same device). In donor crossmatching
experiments, a series of 6 mock recipients were matched
correctly to mock donors. In hematocrit experiments, a
Bland–Altman analysis showed that the new hematocrit
measurements lie within a 95% confidence interval of
conventional, gold-standard analyses. This performance is
likely sufficient for many applications, but if needed, it
should be able to be improved by pairing DAAD with capacitance measurements to better monitor the volume of
the blood and reagents to account for minute changes in
droplet volume, noting that hematocrit is a volumedependent measurement (34), as well as morphological
changes of RBCs over time (35).
In summary, the use-characteristics of DMFDAAD represent an advance for trauma care

Table 1. Operating characteristics for 3 blood-typing systems: strategy 1 systems such as the ORTHO VISION Analyzer
(column 2), the new DMF-DAAD system (column 3), and strategy 2 systems such as the ELDON card (column 4).
Portable

Centralized

ORTHO VISION Analyzera

DMF-DAADa

ELDON carda

Time to result

30 min þ sample transit,
centrifugation, and
reporting time

<6 min

5–10 min

Accuracy of test resultsb

100%

100%

80%

User interventions
required

sample centrifugation and
loading

sample loading

solvent loading, sample
loading, sample homogenization, reagent
mixing, incubation

Interpretation of results

automated

automated

manual

Instrument cost, size
(w  d  h), and weightc

$137 300,
107.4  77  88.9 cm,
190 kg

<$7000, 25.4  19  23 cm,
4.5 kg

N/A

Price/testd

$1.58

<$3

$26.65

a

This table represents the authors’ best efforts to compare commercial products (i.e., the ORTHO VISION and the ELDON card) to a noncommercial method (i.e., DMF-DAAD), a
proposition that is at best difﬁcult.
b
Accuracies are from FDA ﬁling (ORTHO VISION), the results for 109 samples reported here (including the 25-sample calibration set, the 60-sample validation set, and the 24sample set evaluated at Sunnybrook hospital) (DMF-DAAD), and from reference (13) (ELDON card).
c
Instrument costs are in Canadian dollars from a quotation obtained from the vendor in July 2020 [ORTHO VISION], and an estimate for the Cost of Goods for the home-built
system described here, including a commercial version of the DropBot (SciBots Inc.), the pump (Servoﬂo Corp.), the camera, the battery, and other custom components [DMFDAAD]. Note that this analysis is for one instrument and thus does not reﬂect discounts expected for high-volume manufacture.
d
Test prices are in Canadian dollars from purchases from the vendors in July 2020 (ORTHO VISION and ELDON card), and an estimate for Cost of Goods for a low-cost version
of the devices used here, reported previously (36) as US$1.74, plus the reagent costs for one test ($0.02 for solvent and anti-A, anti-B, anti-A, B, anti-D, and negative control)
(DMF-DAAD). Note that this analysis is for one device and thus does not reﬂect discounts expected for high-volume manufacture.
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compatibility testing or hematocrit measurements
(Supplemental Table 1). These represent important
steps forward, but none fit the characteristics that we
sought for this work—that is, a system that can perform
any combination of blood-typing, donor compatibility
testing, and hematocrit analysis (separately or in parallel), a system that does not require any user sample manipulation before analysis, a system that matches the
performance of the state-of-the-art, and a system that
can truly be used at the point of care, without requiring
a large/external instrument to analyze the results.
Our DMF hemagglutination method satisfies the
criteria outlined above. The unique pancake shaped
droplets in DMF devices (each droplet is around
4.0  2.0  0.2 mm for the devices used here) combined with the gentle mixing that is inherent for DMF
operation rapidly concentrates the agglutinates and
makes visual determination of agglutination straightforward. But as noted, a key goal for this work was to develop a completely automated sample-to-answer analysis
system, which was achieved via a new image analysis algorithm (DAAD). The DMF-DAAD method was calibrated for blood typing on 25 blood samples with
known type and was then used to analyze 60 blood samples in a validation set, with an accuracy of 100%. An
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Supplemental material is available at Clinical Chemistry
online.
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