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A dye-assisted paper-based point-of-care assay for fast
and reliable blood grouping
Hong Zhang,1,2* Xiaopei Qiu,1,2* Yurui Zou,1,2 Yanyao Ye,3 Chao Qi,3 Lingyun Zou,4 Xiang Yang,5

Ke Yang,5 Yuanfeng Zhu,6 Yongjun Yang,6 Yang Zhou,5 Yang Luo1,2†

Fast and simultaneous forward and reverse blood grouping has long remained elusive. Forward blood grouping de-
tects antigens on red blood cells, whereas reverse grouping identifies specific antibodies present in plasma.We devel-
oped a paper-based assay using immobilized antibodies and bromocresol green dye for rapid and reliable blood
grouping, where dye-assisted color changes corresponding to distinct blood components provide a visual readout.
ABO antigens and five major Rhesus antigens could be detected within 30 s, and simultaneous forward and reverse
ABO blood grouping using small volumes (100 ml) of whole blood was achieved within 2min through on-chip plasma
separation without centrifugation. A machine-learning method was developed to classify the spectral plots
corresponding to dye-based color changes, which enabled reproducible automatic grouping. Using optimized
operating parameters, the dye-assisted paper assay exhibited comparable accuracy and reproducibility to the classical
gel-card assays in grouping 3550 human blood samples. When translated to the assembly line and low-cost
manufacturing, the proposed approach may be developed into a cost-effective and robust universal blood-grouping
platform.
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INTRODUCTION
Rapid and accurate blood grouping plays a critical role in multiple sci-
entific disciplines, particularly in the biological and medical sciences
(1, 2). Among the 35 officially recognized blood group systems, the
ABO and Rhesus (Rh) systems receive the most attention because of
the highmortality originating frommismatchedABO/Rhblood trans-
fusion reactions (3–5). Conventional approaches to blood grouping,
which are dominated by microplate-based (6) and gel column–based
(7) assays, are encumbered by long turnaround times, labor-intensive
operation, and technical training requirements, imposing financial
burden on the health care system (8). Therefore, developing a simple
and economical strategy for fast blood grouping would facilitate the
accessibility and use of this tool in emergencies and resource-limited
areas (9, 10).

Paper-based assays, which are rapid, convenient, and inexpensive,
hold promise for point-of-care (POC) blood grouping with a readout
visible to the naked eye (11, 12). However, the previously reported
approaches depend on either the recognition of red blood cell (RBC)
clots (13, 14) or the distance gap of wicking between RBCs and plasma
after separation (15, 16), which prevents accurate discrimination be-
tween nonblood solutions that resemble type O blood because specific
RBCmembrane antigens are absent in both types of samples. Although
a reverse ABO grouping strategy can somewhat decrease these risks by
identifying serum agglutinins, the requirement for centrifugation-based
plasma separation before reverse grouping is not always practical (17).
To date, no reliable methodologies that integrate forward and reverse
(F&R) tests into one assay have been proposed, although there have
been a few attempts (18, 19).

Here, an easy-to-interpret dye-assisted paper-based (DAP) assay for
blood grouping is proposed, which integrates the F&R tests into a single
POC chip using a visual readout strategy. Forward grouping identifies
specific antigens on RBCs, whereas reverse grouping detects antibodies
in plasma on the basis of RBC agglutination. The newly established
DAP strategy is founded on the ability of human serum albumin
(HSA) to react with the yellow monoanionic dye bromocresol green
(BCG) to produce a teal BCG-HSA complex in an acidic environment,
whereas whole blood produces a brown complex after reacting with
BCG, which is easily distinguished with the naked eye. We optimized
various operating characteristics to fabricate a simultaneous F&R ABO
assay and an ABO forward assay with a combined ABO/Rh (A/B/D/C/
c/E/e antigens) assay, both of which test uncentrifuged blood. A total of
3550 clinical human blood samples were tested to validate the robust-
ness of the proposed DAP blood-grouping platform.
RESULTS
The dye-based readout mechanism for blood grouping
The accurate and reliable recognition of blood agglutination events is a
prerequisite for developing a reliable blood-grouping assay, which is
conventionally performed by observing blood aggregation in the pres-
ence of specific antigens or hemagglutinins. In principle, only serumcan
migrate along the porous chromatographic paper used in a paper-based
assay after the RBCs are aggregated, whereas both serum and RBCs can
migrate freely along the substrate if the RBCs remain nonaggregated.
Thus, the ability to accurately distinguish chromatographic products is
a promising biosensing mechanism for rapid blood grouping.

HSA can act as a sensitive indicator of human plasma because it
comprises about 60% of the total serum proteins (20). Among HSA-
determining assays, the BCG-based dye-binding method is economical
and convenient. HSA reacted with the yellow monoanionic dye BCG
(pH 4.2) to generate a teal BCG-HSA complex (lmax = 630 nm) in the
presence of a nonionic surfactant (Brij-35) (Fig. 1, A and B). In contrast,
whole blood induced the formation of a brown complex under the
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same conditions (Fig. 1B), likely due to the color overlap of BCG-RBC
and BCG-HSA, which was validated by the coexistence of the
characteristic absorbance peaks of the BCG-plasma and BCG–whole
blood complexes (Fig. 1C). The two complexes shared an identical
characteristic absorbance peak at 630 nm, whereas the BCG–whole
blood complex displayed three other absorbance peaks at 530, 540,
and 570 nm, suggesting that a spectral analysis can be used to eliminate
subjective color errors to ensure analytical accuracy and to the benefit of
color-blind and color-weak assay users. Protein-free solutions such as
phosphate-buffered saline (PBS) (no color change) and red ink–mimicking
blood tinctures (dark red) do not react with BCG, making it easy to dis-
tinguish them fromblood (Fig. 1B). Thus, BCG can act as a bifunctional
reagent that provides a detection reagent for the differentiation of plasma
andwhole blood, as well as a built-in quality control to exclude protein-
free solutions.

DAP test for fast and flexible blood grouping
Using the above BCG biosensing mechanism, we developed a series of
blood-grouping formats that meet various clinical requirements: a fast
ABO forward and ABD (ABO and Rh D) test for emergency use, an
ABO F&R format and an ABO/Rh format (A/B/D/C/c/E/e) for routine
clinical tests, and a rare group format for specialized applications. The
proposed ABO forward format (Fig. 2A and fig. S1A) can yield visual
results within 30 s after successively loading 15 ml of whole blood and
30 ml of eluent. If specific RBC antigens are present in the blood, the
corresponding coated immunoglobulinM(IgM) antibodieswill capture
Zhang et al., Sci. Transl. Med. 9, eaaf9209 (2017) 15 March 2017
the RBCs and only the plasma will migrate to the detection zone (BCG-
coated) to induce a teal color readout, whereas a brown colorwill appear
if specific RBC antigens are absent.

The successful construction of an ABO forward assay spurred the
integrationof theABOF&Rbloodgroups into a single chip.As illustrated
in Fig. 2B, the proposed F&R assay has two independent array strips,
the F strip and the R strip for F&R blood grouping, respectively. Armed
with the capability to separate plasma from whole blood using a blood
separation membrane, the proposed assay achieved simultaneous F&R
grouping on one chip (Fig. 2B), representing a considerable advance
compared with conventional assays that require centrifugation to sepa-
rate the plasma. After the plasma is separated by the blood separation
membrane, the loaded RBC reagent aggregates and the remaining
plasma migrates to the BCG detection zone after elution to form the
BCG-HSA complex (teal) in the presence of specific plasma agglutinins.
Otherwise, both the RBC reagent and the plasma migrate to the BCG
zone to form the BCG–whole blood complex (brown). Thismechanism
allowed the rapid F&R grouping assay to produce a visual colorimetric
readoutwithin 2min.Notably, 90 s of the 2-min time is attributed to the
additional plasma filtering and RBC reagent loading steps required for
this assay.

A similar principle was used to fabricate an ABD format that is ca-
pable of simultaneously detectingABO andRhDwithin 30 s by loading
30 ml of whole blood and 60 ml of eluent (fig. S1B). Additionally, an
integrated ABO/Rh format was mounted on one POC disc for the
simultaneous grouping of both ABO and Rh groups within 30 s. In this
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assay, only 80 ml (10 ml for each channel)
of whole blood was used in the reactions
with the diverse immobilized antibodies
(A/B/D/C/c/E/e) in different channels of
the disc (Fig. 2C). The rare group format
permits rare blood typing by immobiliz-
ing the corresponding antibodies [MNS
(M, N, S, s), P (P1), Kell (K, k), Kidd
(Jka, Jkb), Lewis (Lea, Leb), and Duffy
(Fya, Fyb)] on a POC disc similar to the
assay shown in Fig. 2C and requires an ob-
servation time of 2 min because several
antigens have longer agglutination times.

Operating characteristics
Substrate selection and optimization
of the reagent concentrations.
Anappropriate paper substrate is essential
to fabricate a reliable paper-based strip.
Although it is widely used in lateral flow
immunochromatography assays, a con-
ventional nitrocellulose (NC) membrane
was not suitable in our setting because
blood samples migrate slower on NC
membranes than on other substrates (fig.
S2A). In contrast, fiberglass paperwith the
largest pore size displayed the fastest blood
migration rate during 120-s continuous
observations; thus, fiberglass paper was
adopted to fabricate the sampling and
the hydrophobic chromatography pad (fig.
S2A). A cotton linter paper with a con-
densed fiber structure was used as the pad
Fig. 1. Mechanism of the dye-based visual readout for fast blood grouping. (A) Chemical structures of BCG
(C21H14Br4O5) and HSA and the principle of the BCG-HSA reaction. (B) Color changes observed when BCG reacted with
plasma (teal), whole blood (brown), PBS (no color change), and red ink (dark red). (C) Relative absorbance values for BCG
(black line), PBS-plasma (red dashed line), PBS–whole blood (gray line), the BCG-plasma complex (red line), and the BCG–
whole blood complex (blue line).
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for antibody and BCG immobilization, and the protein-binding capacity
was validated by both visual observations andmicroscopy (fig. S2, B to D).

A Jieyi glass fiber II (GF2) microglass fiber membrane had a much
higher plasma-separating efficiency as the plasma separation mem-
brane in the reverse strip than several other plasma separation mem-
branes, such as Vivid GR, Cobetter, and Whatman MF1, mainly due
to their different flow directions and paper microstructures (fig. S2, E
and F, and table S1). The proposed F&R assay composed of these paper
substrates exhibited fast blood grouping, without the need for a separate
centrifugation procedure.

Optimal antigen and antibody concentrations were established to
improve the analytical efficiency of the DAP assays. A 20% RBC dilu-
tion was the minimum concentration that produced easily detectable
results in the reverse typing because lower RBC concentrations failed
to induce an obvious color change (fig. S3A). A titer-dependent optical
density profile was established by introducing a series of dilutions of
seven antibodies (anti-A/B/D/C/c/E/e). The results suggested that a
1:32 dilution was the optimal concentration for the anti-A, anti-B,
Zhang et al., Sci. Transl. Med. 9, eaaf9209 (2017) 15 March 2017
and anti-E antibodies, a 1:64 dilution was optimal for the anti-D anti-
body (fig. S3B), and a 1:16 dilution was sufficient for the other antibo-
dies (table S2).

Notably, the long-term stability of the immobilized antibodies was
ensured by adding StabilGuard Immunoassay Stabilizer to the IgM so-
lutions, and the results obtained after 6 months were identical to the
results obtained with fresh blood samples (fig. S4A). We further
determined the influence of the reaction time on the results by record-
ing the color intensity of the BCG zone at 30-s intervals after introduc-
ing HSA for a total of 10 min (fig. S4B). A time-dependent increase in
the color intensity of the BCG-HSA complex was observed, reaching a
peak at 30 s. Subsequently, no apparent change in the color intensity
was observed at 10 min (fig. S4C), although slow binding reactions be-
tween BCG and other proteins, such as a- and b-globulins, may occur.
Spectral characterization and recognition of
potential interference.
Fluorescence was examined to visualize the formation of agglutinated
RBCs and to validate the authenticity of this agglutination-based
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Fig. 2. Schematic of the fast blood-grouping devices.Designs, testing procedures, and results of our (A) ABO forward strip, (B) F&R assay, and (C) ABO and Rh groupmultiplex
antigen assays. I and II represent the forward blood-grouping observationwindows; III and IV represent the reverse blood-grouping observationwindows. The observation zone is
located between the two dotted lines as shown in the platforms of the ABO and Rh group assays (C). A strip without antibody (BCG only) was used for quality control (QC).
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blood-grouping test. Confocal imaging revealed the agglutinated RBCs
on the antibody-immobilized substrate (Fig. 3A). If the RBCs were not
agglutinated (Fig. 3B), both red fluorescein (HSA) and green fluorescein
(RBC) were observed (Fig. 3C); otherwise, only red fluorescein was ob-
served (Fig. 3D). This findingwas also verified using a spectrophotometer,
which revealed distinguishable waveforms of the reflectance curves for the
BCG-HSA complex, BCG–whole blood complex, and other nonblood
samples (Fig. 3E). Notably, the BCG-plasma complex displayed char-
acteristic peaks at both 410 and 630 nm, whereas the BCG–whole blood
complex showed additional peaks at 410, 540, and 570 nm. As shown in
Fig. 3E, both the nonblood samples (PBS and red ink) and the void strip
(mimicking inactivated BCG) could be effectively distinguished from
blood samples using the characteristic peaks, suggesting an improvement
over the existing paper-based blood-grouping methodologies that are
incapable of identifying nonblood samples.

An unexpected color change may occur in aqueous solutions with
pH values that are higher than the BCG dissociation constant (pKa =
4.8), in which themonoanionic BCG (yellow) would convert to the dia-
nionic form (teal) through further deprotonation (21). The eluent was
sufficiently buffered tomaintain an acidic environment (the optimal pH
4.20 for HSA detection) and eliminate this interference, even when it
was mixed with acidic (pH 3.60) or basic (pH 11.20) blood samples
(22). A teal color was observed for both acidic and basic blood in the
presence of a nonionic surfactant, suggesting that the influence of blood
pH on the grouping results of traditional blood samples (pH of about
7.40) is negligible (fig. S5A). Additionally, blood samples from uremic
patients with electrolyte disturbance were tested by incubating the
samples with the BCG solution to observe the effects of ionic strength
on color definition and intensity (table S3), and no significant difference
in the color change was observed (P = 0.84, n = 10) (fig. S5B).

Because hematocrit (HCT) values varywidely in certain clinical pop-
ulations, such as pregnant women (30 to 38%) and newborns (48 to
Zhang et al., Sci. Transl. Med. 9, eaaf9209 (2017) 15 March 2017
68%) (23), we investigated the influence of different HCT values on
antigen-antibody reaction and plasma separation rates (fig. S6, A to D).
In the ABO forward test, a sufficient amount of antibody was coated to
compensate for highHCT (76.7%) and to avoid any postzone phenom-
enon (absence of precipitation with excess antigen). In the reverse strip,
the results showed that a 1.96-cm2 GF2 plasma separation membrane
was sufficient to capture 100% of the RBCs from 100 ml of whole blood
with 76.7% (about 23.3 ml of plasma) (fig. S6C) or 20.8% (about 79.2 ml
of plasma) (fig. S6B) of HCT, and all 50 blood samples were correctly
grouped in the F&R tests, suggesting that the interference from fluctu-
ating HCT values is negligible. No significant differences were observed
in the reflectance curves for HSA levels ranging from 13.7 to 52.6 g/liter
(P = 0.79 for zone I, P = 0.94 for zone II, P = 0.89 for zone III, and P =
0.85 for zone IV), indicating that the effect of endogenous HSA on
the grouping results was negligible, regardless of the concentration-
dependent color intensity of the BCG-HSA complex in solution (fig.
S6, E to H).

Additionally, the maximal storage periods for whole blood were ex-
plored by adding several prevalent anticoagulants including EDTA, so-
dium citrate, and heparin. Blood that was treated with the different
anticoagulants yielded identical results to fresh blood if the storage time
was less than 8 days (Fig. 4A and fig. S7), and only a slight hemolysis
occurred [free hemoglobin (FHB)≤ 74.85 mg/liter] (Fig. 4B). As ex-
pected, extended storage (>12 days), wherein substantial hemolysis
occurred (FHB > 174.67 mg/liter), increased the risks of weaker agglu-
tination and false type O results (Fig. 4B). Notably, the relative reflec-
tance of the BCG-plasma complex at 410 nmwasmuch higher than the
BCG-blood complex in storage for 8 days or less, whereas the relative
reflectance curve of the BCG-plasma complex switched to the curve of
the BCG-blood complex after storage for more than 8 days (Fig. 4C).
This change primarily occurred because the RBCs that would have
agglutinated before a substantial number of RBCs ruptured instead
 on M
arch 17, 2017
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Fig. 3. Characterization of the results of the DAP blood grouping using fluorescein and spectrophotometry. Confocal images of (A) agglutinated RBCs, (B) nonaggluti-
nated RBCs, (C) nonagglutinated RBC-HSA, and (D) HSA within the paper. RBCs, green; HSA, red; cotton linter paper, blue. (E) Divergent waveforms of the reflectance curves for
BCG–red ink, BCG-plasma, BCG–whole blood, BCG-PBS, plasma, and whole blood. Circle regions denote the shared characteristic peaks at 410 and 630 nm for both BCG-plasma
and BCG–whole blood samples. Arrows are the newly appeared peaks for BCG–whole blood mix when compared with BCG-plasma mix.
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reacted with BCG, causing the blood to be mistakenly recognized as
type O. Because solutions with a lower concentration tend to exhibit
a higher reflectance but an identical curve, the difference between de-
tection zones IV (BCG–20% RBC and plasma) and II (BCG–whole
blood) in Fig. 4A likely resulted from the different RBC concentrations.

The effects of ambient temperature, humidity, and light on the dye-
assisted color change visual readout were also investigated. We did not
observe a noticeable difference in the BCG-HSA reaction at tempera-
tures of 5°, 25°, 45°, and 65°C and relative humidities (RHs) of 30, 60,
and 90% (fig. S8, A andB). Light strengths of 1500, 3000, 4500, and 6000
lux affected the visual results, but no apparent changes in the char-
acteristic absorbance peak at 630 nmweremeasured (fig. S8C). Because
the visual color change is affected by the ambient light intensity and
individualmood or eye conditions, we recommend the use of automatic
measurements with reflective spectroscopy to avoid these inconsistencies.
Evaluation of the methodology using clinical samples.
A machine-learning strategy was used to automatically classify various
blood types and to adapt the method to an automated testing platform.
Classification performance was tested using a 10-fold cross-validation
during the examination of a reflectance data set that accurately tested all
entries, including 600 blood samples and 15 invalid samples (5 BCG–
red ink, 5 BCG-PBS, and 5 BCG only). The 15 invalid samples were
recognized with 100% accuracy (fig. S9). The proposed support vector
Zhang et al., Sci. Transl. Med. 9, eaaf9209 (2017) 15 March 2017
machine (SVM) system demonstrated an accuracy of 99.9%, a sensitiv-
ity of 99.9%, and a specificity of 100% for the ABO F&R blood groups.
The feasibility of the proposed DAP blood grouping was also validated
by an area under the curve (AUC) of 0.999 (fig. S10) and a Matthews
correlation coefficient (MCC) of 0.999.

We also compared the results of our large-scale DAP assays of blood
samples with the results from a gel-card assay. An accuracy of 100%was
obtained for 800 blood samples during the ABO forward assay (Fig. 5A,
fig. S11, A and B, and table S4) and for 50 samples during the ABD
forward assay (fig. S11, C and D). For the 1400 blood samples tested
using the F&R assay, including 38 weak-agglutination samples from
newborns and leukemia patients, the F&R assay was accurate (99.93%),
and only one A1 sample from a leukemia patient was incorrectly identi-
fied (Fig. 5B, fig. S12, and table S5).

For the ABO/Rh assay, the analysis of an additional 1200 blood
samples revealed 99.92% accuracy for both the ABO and the Rh blood
groups (Fig. 5C, fig. S13, A and B, and table S6). Among these samples,
15 clinical subtypes (4 A2, 1 A3, and 10 weak Rh D) were detected (fig.
S13C)—4 A2 and all the RhD samples were correctly grouped, whereas
an A3 sample was incorrectly recognized as type O, likely due to the
inefficiency of the immobilized anti-A IgM antibody in capturing A3.
We tested 100 blood samples for rare grouping [MNS (M, N, S, s), P
(P1), Kell (K, k), Kidd (Jka, Jkb), Lewis (Lea, Leb), and Duffy (Fya,
 on M
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Fig. 4. Evaluating the feasibility of detecting stored samples (type A). (A) Relative reflectance curves of blood samples stored for 0 to 20 days before testing using the F&R
assay. I and II represent the observation windows for the forward blood grouping; III and IV represent the observation windows for the reverse blood grouping. (B) FHB concen-
tration in samples stored for 0 to 20 days before testing. (C) Relative reflectance of the detection zones (I, II, III, and IV) at 410 nm for samples stored for 0 to 20 days before testing.
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Fyb)], all of which were successfully detected using both methods (Fig.
5D, fig. S14, and table S7). Fifty samples were detected in triplicate with-
in 1 day and assayed consecutively for an additional 8 days to confirm
the reproducibility of the proposed assays (fig. S15). Inconsistent results
were not observed, indicating that our proposed assay has excellent re-
producibility.
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DISCUSSION
The accurate identification of human blood systems is essential to avoid
incompatible transfusions (24). We designed and developed a DAP test
for rapid blood grouping using a newly developed dye-based readout
strategy to conquer long-standing problems with conventional meth-
odologies, such as long turnaround times (25), labor-intensive opera-
tion (26), and technical training requirements (27). On the basis of
color change resulting from the reaction of BCG with albumin, our
blood-grouping readout strategy has the following exclusive advantages:
(i) simultaneous ABOF&R grouping within 2min and (ii) rapid test-
ing of ABO forward/ABD grouping and combined ABO/Rh grouping
within 30 s.

Conventional blood-grouping methods, including the gel-card as-
say, have moderate sensitivity and accuracy but are time-consuming
Zhang et al., Sci. Transl. Med. 9, eaaf9209 (2017) 15 March 2017
(10 to 20 min) (28, 29). New technologies, such as paper-based (30, 31)
(30 s to 3min) and thread-based (16, 32) platforms (<1min) andmicro-
fluidic chips (33–35) (3 to 5min), permit direct readout in clinical assays,
without the requirement for complicated indoor equipment (36); how-
ever, a sophisticated readout algorithm (37) or experienced personnel
are still required, and a separate centrifugation step to isolate plasma is
essential for reverse grouping. In our proof-of-concept experiment, we
used the rapid reaction between albumin and BCG and spectral detec-
tion based on agglutination to substantially reduce the analytical time
without compromising specificity and sensitivity. Both ABO (A/B) and
Rh (D/C/c/E/e) blood group antigens were differentiated within 30 s,
whereas ABO F&R blood grouping required 2 min.

Considerable efforts have been devoted to develop an assay capable
of simultaneous F&RABOgrouping by loading the sample once, but no
such assays have yet been proposed. Spindler et al. (18) described an
attempt at F&R grouping based on the formation of an RBCmonolayer
on a microplate, but their method still required centrifugation before
reverse grouping, as well as multiple sample loading cycles; thus, the
method did not meet the definition of simultaneous. Noiphung et al.
(38) proposed a paper-based analytical device for blood typing that
allows the simultaneous determination of ABO and Rh blood groups
on the same device. However, the HCT in the sample can affect the
 on M
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accuracy of the results, and appropriate di-
lution is required before grouping. In con-
trast, our BCG-based assay overcame the
requirement for centrifugation and the in-
fluence of HCT levels observed in previous
F&R ABO grouping methods, which is
attributed to the introduction of a plasma
separation pad that enabled rapid plasma
separation for the subsequent reverse tests
and a new readout mechanism.

Additionally, a machine-learning meth-
od has been used to ensure the accuracy of
blood grouping, by which the influence of
subjective judgment that is susceptible to
ambient factors and diverse color discern-
ibility could be eliminated.We have noticed
that the reflectivity at a single wavelength
poorly reflected the overall trend of the
whole reflective spectrum. Experimental-
ly, the measured reflectivities at 410 nm
for samples with high HCT values were
significantly lower than those with low
HCT values, whereas the results from a
machine-learning method gave identical
results among these samples with high,
low, and normal HCT values, indicating
that amachine-learningmethod can provide
higher accuracy. Moreover, a machine-
learningmethod can expand the applicabil-
ity of the proposedDAPassay by providing
the potential to develop into a fully auto-
matic platform for massive grouping in
routine clinical practice.

Notably, false-negative results may ap-
pear in the serological grouping of several
rare blood group systems, mainly due to
the influences of variant or less antigenic
Fig. 5. Results of the visual readout for fast blood grouping. Images of (A) forward strip and (B) F&R assays showing
ABO grouping for A, B, AB, and O as indicated by the presence of teal color in the observation zone (red dashed box).
Images of multiplexed assays testing (C) ABO/Rh and (D) rare blood systems. The sample in (C) is ABO (A)/Rh (ccDee); the
samples in (D) show Kell (K−k+), P (P2), Kidd (Jka+Jkb+), MNS (MNss), Lewis (Lea−Leb+), and Duffy (Fya+Fyb−).
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antigens, insufficient reaction times, or ambient temperature. For in-
stance, the Lewis (Le) group system is particularly affected by the exter-
nal conditions because its RBC antigens are adsorbed. Grouping relies
on the glycolipid that carries the Le structure on the cytomembrane be-
cause the glycolipid cannot complex with antigens with a type I skele-
ton.An increased prevalence of the Le (a-b-) phenotype resulting froma
reduction in the adsorbed antigens has been reported in conditions such
as alcoholic cirrhosis, alcoholic pancreatitis, and normal pregnancy
(39, 40). Regarding theDuffy group, false-negative results are frequently
reported for the Fya/Fyx antigen (the Fyx antigen produced by the Fyx

allele is generally regarded as a weak Fyb antigen) because of the
weakened reaction between the anti-Fyb antibody and the Fya/Fyx an-
tigen (41). Although the results of the proposed DAP test and gel-card
method are comparable, caution should be used under these clinical
conditionswhen rare group systems are tested.Wehave takenmeasures
tominimize these influences by adopting high-titer antibodies and dex-
tran to maintain the stabilities of the antibodies. Additionally, the ob-
servation time was extended to 15 min for these negative results during
rare group typing (Le, P, and Duffy), and no visible RBC agglutination
was observed, validating the reliability of the DAP assay. No positive
results were observed for the P1 phenotype during our clinical detec-
tion, although it is present in 35% of the overall Chinese population.
We reasoned that the inconsistency might be attributed to biased
sampling because 12 of the 100 samples were obtained from 3- to
6-year-old children whose P1 antigen is not completely formed.

The proposed DAP assay is a promising solution because it com-
bines the advantages of flexibility, economy, and synchronization of
ABO F&R grouping. Nevertheless, several limitations exist in the pro-
posed assay. First, we must improve the ability to determine certain
existing weak agglutination types (Ax, Bx, and A3), which may be
achieved by engineering enhanced antibodies. Second, the proposed
systems cannot sufficiently distinguish blood samples from other protein-
containing solutions because BCG can react with any protein to produce
a teal complex. Third, factors derived from various pathological condi-
tions and medications that may potentially interfere in the visual read-
out of the assay still need further evaluation. Finally, the proposed DAP
test, like any serological-based blood-grouping assay, is susceptible to
the expression levels of blood group antigens and the integrity of the
RBC membrane.

A fast, reliable, and versatile blood-grouping assay with a dye-based
readout mechanism is proposed for the simultaneous identification of
both ABO and Rh blood group systems within 30 s or simultaneous
ABO F&R grouping or rare blood typing within 2 min. This assay
not only provides a new strategy for blood grouping but can also be used
in time- and resource-limited situations, such as war zones, in remote
areas, and during emergencies. Characterized by an intensified and
streamlined workflow capability, the proposed blood-grouping assay
may be further developed into highly compact and fully automatic plat-
forms that are highly efficient and economical, making large-scale
manufacturing possible (42).
MATERIALS AND METHODS
Study design
This studywas designed to develop a dye and paper-based blood-grouping
assay for efficient and reliable simultaneous F&R blood typing. The
assay is based on BCG, which immediately changes color in the presence
of protein. The effects of environmental factors such as temperature,
humidity, and light intensity on BCG-plasma reactions were assessed.
Zhang et al., Sci. Transl. Med. 9, eaaf9209 (2017) 15 March 2017
The absorbance of BCG-plasma reactions was measured using a
spectral scanning multimode reader, and the final grouping results
were automatically determined using a machine-learning strategy to
avoid any subjective bias. A total of 3550 venous and finger-stick blood
samples were tested on our paper-based assay to validate its accuracy.
All human blood samples were primarily collected and tested for rou-
tine blood grouping or other clinical applications in Southwest Hospital
(Chongqing, China). Blood groups were primarily identified by a diag-
nostic laboratory using the BioVue gel-card assay from Ortho Clinical
Diagnostics Inc. Ten blood samples from uremic patients with an elec-
trolyte disturbance were used to observe the effects of ionic strength on
color definition and intensity.

Materials
NC membranes, filter paper, cotton linter paper, fiberglass, polyvinyl
chloride (PVC) polymer, and the GF2 blood separation membranes
were obtained from Jieyi Biotechnology. The blood separation mem-
branes, including Vivid (GR), PES HD 1.8B, and MF1, were purchased
from Pall, Cobetter, andWhatman, respectively. The blood preservation
solution and blood collecting tubes containing either EDTA or sodium
citratewere purchased fromWeigaoBiotechnology. The StabilGuard Im-
munoassay Stabilizer (protein free) was purchased from SurModics Inc.
The heparin/lithium-treated blood-collecting tubes were from Sekisui
Medical Technology. Polydimethylsiloxane (PDMS), BCG, polyoxy-
ethylene alkyl phenol ether (Brij-35), citric acid, sodiumhydroxide, dextran
(average molecular weight, 35,000 to 45,000), NaOH, and NaCl were
purchased from Aladdin Biotechnology. A series of micropipettes were
purchased from Eppendorf, and ultrapure water (18.2 megohm) ob-
tained from a Milli-Q Integral Millipore system was used throughout
the study. Fluorescein isothiocyanate (FITC; F7250) was purchased from
Sigma-Aldrich, and Cy3-labeled albumin was purchased from Sangon
Biotech. Blood preservation solution was purchased from Nigale.

Anti-D, anti-C, anti-c, anti-E, and anti-e IgM antibodies against the
antigens on the erythrocyte membrane were purchased from Alba Bio-
science. Colorless anti-A IgM, anti-B IgM, standard A1 cells, and B cells
were purchased from Libo Biotechnology Co. The antibodies against K
and kwere purchased fromMerckMillipore, and the antibodies against
M, N, S, s, P1, Jka, Jkb, Lea, Leb, Fya, and Fyb were purchased from
Diagast (table S2).

This study was approved by the ethics committee of Southwest Hos-
pital and performed in accordance with the Declaration of Helsinki and
the International Ethical Guidelines for Biomedical Research Involving
Human Subjects. Venous blood was stored in tubes with EDTA antico-
agulant at 4°C after collection and before use, and finger-stick blood was
used immediately. The blood group was identified by a diagnostic labo-
ratory using the BioVue gel-card assay (Ortho Clinical Diagnostics Inc.)
(43). Ten blood samples from uremic patients with an electrolyte distur-
bancewere used to observe the effects of ionic strength on color definition
and intensity (table S3). The absorbance of BCG-plasma reaction in dif-
ferent temperature, humidity, light intensities, and ionic strength was
measured using Varioskan Flash (Thermo Fisher Scientific). Any de-
tected weak D sample was further confirmed using a Coombs test, and
the direct anti-human globulin reagents were purchased from Libo Bio-
technology Co. A blood genotyping kit (BioSuper) based on polymerase
chain reaction sequence-specific primers was used to recognize A3.

Preparation of the BCG solution
After dissolving 0.105 g of BCG, 8.85 g of citric acid, 0.100 g of sodium
azide, and 4 ml of Brij-35 (300 g/liter) in 950 ml of deionized water, the
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solution was brought to pH 4.2 using a 6M sodium hydroxide solution.
Then, the volume was brought to 1 liter with deionized water. The final
solution was stored at room temperature in a sealed polyethylene bottle
for future use. The inclusion of a nonionic surfactant (Brij-35) re-
duces the absorbance of the blank, prevents turbidity, and provides
linearity. Citric acid and sodium hydroxide were used to change the
pH of plasma.

Preparation of the ABO forward format, ABD format, ABO
F&R format, and ABO/Rh group assays
As illustrated in fig. S1A, each disposable paper-based strip consisted of
a PVC substrate and a series of pads for sampling, RBC capture, and
detection. A fiberglass mat was used as the sampling pad, and all other
pads were fabricated with cotton linter paper. In a typical setting, the
sampling pad was attached to the middle of the PVC strip, and two an-
tibody pads were placed adjacent to the edges of the sampling pad,
followed by the successive placement of a hydrophobic chromatogra-
phy pad, a detection zone, and an absorbent pad on each side, with a
2-mm overlapping zone at each connection point. For ABO forward
grouping, anti-A IgM and anti-B IgM were immobilized on opposite
antibody pads, and BCG was immobilized on the two detection zones
of the strip. ABD format assaywas composed of quality control strip, A-
test strip, B-test strip, and D-test strip (fig. S1B); the strip with no im-
mobilized antibody (BCG only) was used for quality control strip to
exclude nonspecific aggregation.

The antibodies weremixedwith StabilGuard Immunoassay Stabiliz-
er to retain the activities of antibodies after storage (44), and the impact
of the storage time was investigated by storing the strips for 10, 20, 30,
60, 120, and 180 days. The antibody pad was immobilized with mono-
clonal IgM antibody by immersing the antibody pad in antibody solu-
tion for 10 min, followed by flow drying for 2 hours at 25°C (45). We
introduced 10 ml of blood with the corresponding RBC antigens onto
the strip and observed RBC agglutination after the strips were washed
with PBS buffer to determine whether the antibodies were effectively
immobilized (fig. S2D). In a typical experiment, the anti-A antibody
(left) and anti-B antibody (right) were placed at different terminals to
fabricate a disposable test strip for ABO blood grouping. Anti-D (left)
and the blank were similarly used for Rh D grouping. The detection
zone was prepared by soaking the substrate in the BCG solution for
10 min followed by drying in an oven (70° to 100°C) for 10 min or
for 2 hours at 25°C.After assembly, the bulk substratewas cut into strips
with dimensions of 50 mm × 2 mm × 0.6 mm. Then, sucrose was used
to modify the strips, after which the individual strips were packed and
stored at room temperature before use.

For simultaneous F&R ABO grouping, we designed two formats of
strips (fig. S1B): the forward strip was identical to the strip described
above, whereas the reverse strip used an additional blood separation
pad to filter out any RBCs, mimicking the in vitro centrifugation
procedure for plasma separation. For better plasma separation, a GF2
blood separation pad was used for sample loading instead of a fiberglass
mat, and the other pads were composed of cotton linter paper. GF2 was
dip-coated with blocking solution (0.5% sucrose) to increase the mem-
brane hydrophilicity and the blood flow rate over the surface. After dip
coating, themembranes were dried for 20min at 50°C and then cut into
14-mm × 14-mm squares. In contrast to the forward strip, standard A1
or B cells were dropped onto the antibody pad to test the plasma anti-
body in the blood samples. Then, the two types of strips were pasted in
parallel on one PVC substrate to consolidate the two sampling pads into
one strip for the subsequent study. The positions of the anti-A/B IgM
Zhang et al., Sci. Transl. Med. 9, eaaf9209 (2017) 15 March 2017
and the A/B erythrocytes were carefully controlled to facilitate the
readout of the results in the combined assay. We immobilized anti-A
on one side (left) and anti-B on the opposite side (right) of the forward
strip, whereas type B RBCs were introduced on the left side and type A
RBCs were introduced on the right side of the reverse strip, which was
placed parallel to the forward strip.

As illustrated in Fig. 2C, our proposed ABO/Rh group assay was
constructed on a transparent PDMS disc with several engraved micro-
fluidic channels, and the centripetal ends were connected to a round
sampling well that resembled a windmill. In a typical design, eight mi-
crofluidic channels were arrayed on the substrate with a f = 3.2-mm
sampling well, and each channel was embedded with a minimized strip
(30 mm × 2 mm × 0.6 mm). The structure of the minimized strip was
identical to the disposable POC strip, with only a single antibody (anti-
A, anti-B, anti-C, anti-c, anti-D, anti-E, anti-e, anti-M, anti-N, anti-S,
anti-s, anti-P1, anti-K, anti-k, anti-Jka, anti-Jkb, anti-Lea, anti-Leb, anti-
Fya, or anti-Fyb) immobilized at the centripetal end of the strip. After
the blood samples were pipetted into the sample well, the bloodmigrated
within the strips via capillary action to react with specific antibodies. The
eluent is the driving factor that induces a color change after the formation
of the BCG-HSA/BCG–whole blood complexes.

Blood grouping
For fast blood grouping, 15 ml of fresh or anticoagulated whole blood
was dropped onto the sample zone and incubated for 20 s to allow all
specific RBCs to bind to the immobilized specific IgM antibody. Then,
30 ml of elution buffer was introduced to elute the nonagglutinated
RBCs and plasma, followed by a color change in the detection zone
within 30 s (fig. S16 and movie S1). For simultaneous F&R ABO group
typing, 100 ml of whole blood was loaded on the sample zone, and 15 ml
of whole blood was used for forward grouping, as described above. An
additional 85 ml of blood was loaded onto the reverse strip and incu-
bated for 1 min to allow complete plasma separation. Then, 10 ml of
20% diluted RBCs was applied to the antibody pad for 40 s and allowed
to react with the agglutinins thatmay be present in the plasma. After the
nonagglutinated erythrocytes and plasma were washed away with 60 ml
of elution buffer, a color change was observed in the detection zone
within 2 min.

For the F&R assay, if a type A blood sample (containing anti-B ag-
glutinin in the plasma) is loaded, then a teal (left) and brown (right)
color change will appear in both the forward and the reverse strips.
In contrast, if a type B blood sample (containing anti-A agglutinin in
the plasma) is loaded, then a brown (left) and teal (right) color change
is observed in both channels. Note that the identification of type AB or
Oblood samples is relatively complicated because the loadedAB+ blood
will show two teal lines (F strip) and two brown lines (R strip), whereas
type O blood will reveal two brown lines (F strip) and two teal lines
(R strip).

For the ABO/Rh group assay, 80 ml of whole blood was loaded
into the sampling well, followed by a 20-s incubation, and 120 ml
of washing buffer was added to remove the unconjugated erythro-
cytes and plasma. The induced color changed was observed within
30 s, which can be read using a spectral scanning reader. Conse-
quently the blood type results could be promptly given by using a
machine-learning method (movie S2). An additional indirect
Coombs’ test was used to identify any weak D on paper strip. Briefly,
the suspected Rh D samples were centrifuged (3000 rpm/min) for
1min to remove any plasma. Then, the RBCs were rinsed three times
using PBS buffer and incubated with IgG for 30 min at 37°C. After
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washing away those unconjugated antibodies, the RBCs were resus-
pended to be 45% HCT, which could be loaded on the strip for the
agglutination between these RBCs and the immobilized anti-human
antibodies. All of the tests were conducted under natural light or a
daylight lamp at room temperature and 40 to 70% humidity.

Methodology evaluation
Blood grouping is determined by a visual observation of the color
changes (from yellow to teal/brown) in the detection zones. The teal
color denotes that only plasma was detected (BCG-HSA), and brown
indicates that whole blood was present (BCG–whole blood) in the
detection zone. The reflectance value of the agglutinated or nonag-
glutinated RBCs in the detection zone was measured using a UV-
3150 spectrophotometer (Shimadzu) to establish a quantitative
readout of the blood types. The color intensity was obtained by sub-
tracting the gray intensities of the red (R)/green (G)/blue (B) color
channels using ImageJ 1.44p software (color intensity = 0.229R +
0.587G + 0.114B). A total of 3550 clinical blood samples were de-
tected using the ABO forward, F&R, and multiple group assays,
and the gel-card assay was adopted as a reference standard to verify
the reliability of the proposed blood-grouping assay considering that
the gel-card method is easy to handle and can obtain comparable
results to the tube test (46). All figures were plotted using Origin
Pro 8.6 software (OriginLab Corporation).

RBCs and HSA were fluorescently stained using previously de-
scribed methods (47), with slight modifications, to improve the visual-
ization of the RBC-antibody and BCG-HSA complexes. We modified
the original staining strategy to obtain optimal results (fig. S17). Briefly,
whole blood was centrifuged at 3000 rpm for 3 min to remove the plas-
ma layer. The red cells were thenwashedwith physiological saline (PSS)
and incubated in a blood preservation solution with FITC (0.8 mg/ml)
for 1 hour. The blood preservation solution was used to dissolve FITC.
The blood preservation solution included 4.97 g of sodium chloride,
14.57 g ofmannitol, 7.93 g of glucose, 0.14 g of adenine, 0.94 g of sodium
dihydrogen phosphate, 1.5 g of sodium citrate, and 0.2 g of citric acid in
each 1000 ml. The labeled RBCs were then washed with PSS and resus-
pended to achieve an HCT value of 45%. Eight microliters of the resus-
pended blood sample was pipetted onto the cotton linter paper on
which the specific antibody was introduced to allow agglutinated blood
clumps to form on the paper sheet. After a 20-s incubation, the linter
paper was placed on a glass slide for fluorescence confocal imaging.
Eight microliters of the Cy3-labeled HSA and FITC-labeled RBC mix-
ture was dropped onto two strips (with or without antibody) to permit
the clear observation of the nonagglutinated blood in the detection zone,
and the detection zone was placed on a glass slide for imaging after elu-
tion. AZeiss LSM780 confocalmicroscope (Carl Zeiss SAS)was used to
generate the confocal micrographs. The effects of temperatures and
RHs on the BCG-HSA reaction have been tested using a temperature
andhumidity chamberH-150 (Spring InstrumentCo.), and the effect of
light intensities have been tested in artificial climate box PQX-250
(Spring Instrument Co.).

Machine-learning method for automated blood
type identification
Because all the obtained data comprised a wavelength data set ranging
from 200 to 1100 nm, we obtained 18 features by obtaining the mean
values of these phases at 50-nm intervals. We considered the F scores
when selecting the features for the feature vectors (48). Given training
vectors xk, where k = 1, 2,…,m, if the number of positive and negative
Zhang et al., Sci. Transl. Med. 9, eaaf9209 (2017) 15 March 2017
instances aren+ andn−, respectively, then theF score of the ith feature in
the feature vector is defined as
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Larger F scores correlate with more discriminative features.
LIBSVM (www.csie.ntu.edu.tw/~cjlin/libsvm/), a freely download-

able SVMpackage, was used to construct a classifier thatwas established
in a CentOS5.4 system using LIBSVM3.12 andMATLAB R2013a. The
data sets were divided into three dual-labeled groups: BCG–whole
blood, BCG-HSA, and invalid tests. A radial basis function kernel
was chosen as the more general form to improve the computational
efficiency.

The classification algorithm was validated using 10-fold cross-
validation tests. The original data set was randomly partitioned into 10
equal-sized subsets, where a single subset is retained as the validation
data to test themodel and the remaining subsets are used as the training
data. Subsequently, the cross-validation process was repeated 10 times,
in which each subset was used exactly once as the validation data set,
and then all results from this process were averaged to produce a single
estimate. The SVMparameter g and penalty factor Cwere optimized in
the 10-fold cross-validation tests using a grid search. The threshold for
separating the positive and negative data sets was set to 0.5, which was
the default setting in LIBSVMandwas certainly optimal in the vast ma-
jority of tests when the data set was balanced. The performance of the
prediction was assessed using four measures: accuracy, specificity, sen-
sitivity, and the MCC, which were computed as follows

accuracy ¼ TPþ TN
TPþ TNþ FPþ FN

sensitivity ¼ TP
TPþ FN

specificity ¼ TN
TNþ FP

MCC ¼ TP� TN� FP� FNffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðTPþ FPÞðTPþ FNÞðTNþ FPÞðTNþ FNÞp

Statistical analysis
Because the study was designed to develop a qualitative blood-grouping
approach based on the combinational results of several reflective spec-
troscopic curves collected fromdistinctive observingwindow,most data
were descriptive. Amachine-learning strategywas used to automatically
classify various blood types because any single point value cannot repre-
sent the trend of the comprehensive reflective spectroscopy curve. True
positives (TP), false positives (FP), true negatives (TN), and false nega-
tives (FN) are described in table S8. The MCC value is 1 for a perfect
prediction and 0 for a completely random assignment. We performed
statistics to compare the different intensities in absorbance of 630 nmor
reflectance at 410 nm after different treatments. Data are expressed as
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indicated. All statistical analysis was performed using SPSS 22.0
software package. For two-group comparisons, independent samples
t test was used. For multiple-group comparisons, a one-way analysis of
variance (ANOVA) with least significant difference post hoc test was
used. P < 0.05 was considered to indicate a statistically significant
difference. For experiments where n < 20, all individual-level data are
shown in table S9.
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SUPPLEMENTARY MATERIALS
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Fig. S1. Schematics of the DAP assays.
Fig. S2. Improved performance of the DAP assay through optimized paper structure design
and antibody immobilization.
Fig. S3. Optimized concentrations of reagents, RBCs, and antibodies.
Fig. S4. Stability of the immobilized antibodies and the optimal reaction time of the DAP assay.
Fig. S5. Stability of the BCG-plasma reaction according to pH and ionic strength.
Fig. S6. Results of samples with different HCT and HSA levels using the F&R assay.
Fig. S7. Influence of different blood storage times on the final results.
Fig. S8. Stability of the BCG-plasma reaction according to environmental factors.
Fig. S9. Relative reflectances of invalid samples.
Fig. S10. The receiver operating characteristic (ROC) curves and AUC of the samples.
Fig. S11. Images of the visual readout and reflectance spectra using the ABO forward and ABD
assays.
Fig. S12. Images of the visual readout and reflectance spectra using the ABO F&R assay.
Fig. S13. Images of the visual readout and reflectance spectra using the ABO/Rh assay.
Fig. S14. Image of the visual readout and reflectance spectrum of a rare blood groups assay.
Fig. S15. The reproducibility of the DAP F&R assay.
Fig. S16. A brief instruction book for using the ABO forward strip.
Fig. S17. Confocal microscopic images of the FITC-RBCs prepared by using either the modified
staining reagents or the traditional DMSO.
Table S1. Parameters of four types of plasma separation membranes.
Table S2. Monoclonal antibody details.
Table S3. Ionic strength change from blood samples of uremic patients.
Table S4. Accuracy of the ABO forward assay (n = 800) and ABD assay (n = 50).
Table S5. Accuracy of the ABO F&R assay.
Table S6. Accuracy of the ABO/Rh assay (n = 1200).
Table S7. Accuracy of other rare blood group assay (n = 100).
Table S8. Definitions of TP, FP, TN, and FN used in the machine-learning method.
Table S9. Individual level data for N < 20.
Movie S1. The testing procedure of fast ABO forward assay.
Movie S2. The testing procedure of ABO and Rh group multiplex antigen assay.
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