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ABSTRACT: An accurate microscopical analysis of blood smears
requires a reproducible and convenient method of staining.
Solution-based staining procedures can be cumbersome. Especially
in low- and middle-income countries, the lack of skilled technicians
and adequate laboratory facilities, as well as insufficient water and
reagent quality, often become confounding factors. To overcome
these obstacles, we developed a new cell staining method based on
sequential stamping of agarose gel patches that contain eosin,
methylene blue/oxidized methylene blue, Azure B, and buffer,
respectively. Our method, termed “hydrogel staining”, provides a
simple, reproducible, solution-free, and inexpensive approach to
stain blood cells. We have optimized incubation times to achieve
the optimal transfer of dyes to fixed blood cells on a glass slide,
with outcomes comparable to conventional solution-based methods for white blood cells and malaria-infected red blood cells. This
hydrogel staining method does not require special skills to produce excellent quality stained blood film slides. The new method
could enhance the accuracy of microscopical examination of blood smears, especially in resource-limited settings.

KEYWORDS: hydrogel stamping, solid staining, Wright-Giemsa staining, blood smear, malaria

■ INTRODUCTION

Microscopic examination of a blood smear remains a standard
screening procedure in hematology. For an accurate diagnosis,
it is critical to produce quality blood smears, which are often
performed by an experienced and skilled person.1 Producing a
blood smear sample of good quality for the microscopic
examination involves labor-intensive procedures that require
specialized skills. This can be a major bottleneck in low- and
middle-income countries (LMICs), which results in lower
diagnostic accuracy.2−4 For example, the diagnostic accuracy of
malaria by blood smear ranges from 55−80% in LMICs,5,6

while >99% of malaria cases and deaths occur in LMICs.7 This
variability mostly comes from the quality of blood smear
staining attributed to the lack of skilled technicians and the
poor quality of water and reagents.2−4 The need for reliable
and reproducible cell staining has led to the development of
automatic cell staining instruments, enhancing laboratory
capacity.8 Unfortunately, the deployment of these automated
instruments is usually limited to a well-equipped central
laboratory due to high maintenance costs and the need for
large amounts of reagents and liquid waste.9 Therefore, there is
a critical need for a simple, fast, robust, and inexpensive
method to generate high-quality blood smear samples.
Successful implementation of such a method would mitigate
the resource-limited conditions in LMICs.

To meet these needs, it would be helpful to avoid solution-
based staining methods that tend to require reagents and
produce biological waste in large volumes. We reasoned that a
stamping approach10−12 could simplify the staining procedure,
make it easy to use with only minimal training, and
significantly reduce the consumption of reagents. Among
several candidate materials, we chose a hydrogel because of its
biocompatibility, low cost, and deformability to not damage
cells. Hydrogels can retain staining dyes13−17 and transfer them
to solid or soft materials.18,19 Hydrogels have also been widely
used as ideal carriers in various biological applications, such as
self-healing, thermal therapy, and antimicrobial activities.20,21

Here, we report a new cell staining method based on
hydrogel stamping, which enables simple and rapid blood cell
staining. In this method, dye-containing hydrogels are
sequentially placed in contact with a blood film for less than
a minute to stain blood cells. After staining, a buffer hydrogel
patch removes any unbound reagents. The entire staining
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procedure can be completed in <4 min and produces blood
smear samples comparable in quality to those prepared by a
high-end automated instrument. We validated the quality of
the newly developed staining method using a commercially
available digital analyzer and taking the help of microscopists
for manual analysis. Finally, we applied hydrogel staining to
detect malaria parasites in blood samples from Africa to
evaluate the suitability of this new method for malaria
diagnosis in a resource-limited setting.

■ MATERIALS AND METHODS
Materials. Potassium phosphate-buffered saline, Azure B,

methylene blue, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) sodium salt, eosin Y disodium salt, Bis-tris, acetic acid,
sodium hydroxide solution, Triton X-100, Giemsa stain, and 99.9%
absolute ethanol were purchased from Sigma-Aldrich. Low electro-
endosmosis agarose (agarose LE) was purchased from Genomicsone.
Merck Milli-Q water was used for the preparation of all solutions.
Wright and Giemsa solutions were purchased from RAL-Diagnostics.
Human Samples. Peripheral blood samples from healthy donors

were collected at the Asan medical center in Seoul, Korea
[Institutional Review Boards (IRB) approval number: S2019-2564-
0001] in ethylenediaminetetraacetate (EDTA) tubes and used within
4 h of collection. The IRB approved exemption for written informed
consent because this study was performed by using residual samples
after testing, and no identifiable personal information of the blood
samples was provided. Malaria-infected blood samples were collected
and smeared in the Weiz Medical Center in Malawi (IRB approval
number: 2457). The subject or the parent or guardian of a minor
personally signed the informed consent form before any study-specific
procedures were performed. This study was conducted in compliance
with declaration of Helsinki.
Hydrogel Patches. For eosin hydrogels, an eosin solution

composed of 50 mM Bis-tris and 0.075% (w/v) eosin disodium salt
was mixed in 100 mL of Milli-Q water and microwaved with agarose
LE powder for 1 min to make 2% (w/v) agarose−eosin solution.
Acetic acid and sodium hydroxide were added to adjust the pH to 6.0.
99.9% absolute ethanol (final 20% v/v) was then added to the
agarose−eosin solution. The final solution was allowed to solidify in a
35 mm Petri dish. For methylene blue hydrogels, a methylene blue
solution composed of 50 mM HEPES sodium salt, 0.075% (w/v)
methylene blue, and 0.15% (w/v) Azure B was mixed in 100 mL of
Milli-Q water and microwaved for 1 min with agarose LE powder to
make 2% (w/v) agarose−methylene blue solution. Acetic acid and
sodium hydroxide were added to adjust the pH to 6.7. Triton X-100

(final 0.01% of Triton X-100) was then added to the agarose solution.
The final solution was allowed to solidify in a 35 mm Petri dish. For
buffer hydrogels, phosphate-buffered saline (PBS) with pH 6.4, 6.8, or
7.2 was mixed in 100 mL of Milli-Q water and microwaved for 1 min
with agarose LE powder to make 2% (w/v) agarose buffer solution.
The final solutions were allowed to solidify in a 35 mm Petri dish. pH
6.8 was selected for the optimized protocol.

Blood Films. For white blood cell (WBC) staining and counting,
blood smears were prepared by the Sysmex SP-10 instrument. For
malaria-infected samples from Malawi, smears were spread manually.
Blood films were then fixed in absolute methanol for 2 min for both
automatic and manual methods.

Conventional Wright-Giemsa Staining. Automatic staining
procedures in SYSMEX SP-10 by using Wright and Giemsa solutions
from RAL-Diagnostics are as follows. The fixed blood films were
stained in Wright solution for 2.5 min, 1:10 diluted Wright solution
for 3 min, and 1:25 diluted Giemsa solution for 4 min in order.
Stained slides were shortly dipped in Milli-Q water and rinsed in
buffer for 10 s.

Malaria Giemsa Staining. Giemsa staining was performed based
on the recommended Sigma-Aldrich Giemsa stain protocol
(Procedure no. GS-10). Smeared slides were fixed in methanol for
7 min and dried. Giemsa stain solution was diluted to 1:20 with
deionized water. Slides were then stained with 1:20 diluted Giemsa
stain solution for 60 min. Finally, slides were rinsed in deionized water
and dried.

Hydrogel Staining. For hydrogel staining, the eosin hydrogel was
placed on the fixed blood film and incubated for 10 to 60 s. After
removing the eosin hydrogel, the methylene blue hydrogel was placed
and incubated for 10 to 30 s, followed by the buffer hydrogel for 30 to
180 s. The optimized incubation times of eosin, methylene blue, and
buffer hydrogels for WBC staining were 30, 10, and 180 s,
respectively. There were no additional washing steps after each
staining step. For malaria detection, the staining time was adjusted to
10 s for eosin and 60 s for methylene blue hydrogels.

Digital Microscopy Imaging. Digital microscopy imaging was
performed by using Cellavision DM9600 for both automatic staining
and hydrogel patch staining slides for WBCs. For malaria samples,
manual microscopy was used to capture images.

■ RESULTS
Solid Staining with Hydrogel Stamping. Figure 1

shows the three-step hydrogel-based solid staining for Wright-
Giemsa staining of blood smear. We chose Wright-Giemsa
staining as this is the most commonly used Romanowsky-type
blood film stain.22,23 We used uncharged agarose for hydrogels

Figure 1. Three-step hydrogel-based Wright-Giemsa staining of a blood smear. (A) Schematic of the three-step hydrogel stamping for Wright-
Giemsa staining of blood smear on a glass slide. MB, methylene blue with oxidized methylene blue/Azure B. A chemical structure of eosin Y
disodium salt is shown on the top. (B) Representative images of blood cells after each hydrogel stamping. Scale bar (2nd row): 80 μm; scale bar
(3rd row): 20 μm.
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because, upon gelation, it forms nanometer-scale channels
without any further modification. Furthermore, it provides an
attractive environment for staining dyes retained mainly by
hydrogen bonding without any attendant swelling or shrinkage
in aqueous buffers.24,25 In addition, agarose can adsorb and
desorb dyes more efficiently than gelatin, alginate, and
polyaniline composites.26,27

The hydrogels were made simply by mixing and curing
agarose powders in the presence of the staining dyes. The first
gel contains anionic acidic eosin dyes, and the second gel
contains cationic basic methylene blue with oxidized
methylene blue/Azure B (Figure 1A). Acidic eosin dyes bind
to basic cellular components (e.g., proteins) and stain
erythrocytes and eosinophil granules pink. Basic methylene
blue/Azure B binds to more acidic cellular components (e.g.,
chromatin) and stains leukocyte nuclei, cell granules, and
lymphocyte cytoplasm blue.22 The presence of dyes in the
fabricated hydrogels was confirmed by dye absorption spectral
peaks at 518 nm for eosin and 645 and 664 nm for methylene
blue/Azure B (Figure S1). Direct contact of the agarose
hydrogel with the blood smear results in the transfer of dyes
onto blood cells and stains them (Figure 1B). The third gel
contains a buffer solution to remove non-specifically bound
dyes and replaces the extensive washing steps of the
conventional protocols (Table S1). The removal of unbound
dyes can be seen by the color changes on the buffer gel and the
increase of the absorbance peaks at 514, 645, and 664 nm
(Figure S2). We have tested different agarose concentrations
(0.5, 1, 2, 3, and 4%) and measured the hardness of hydrogels
(Figure S3). When the agarose concentration is less than 1%,
hydrogels are not fully solidified and thus are difficult to
handle. We concluded 2% as an optimal concentration that
provides the hardness over 200 g for easy handling and shows
the best staining quality (Figure S3). The 2% hydrogels can be
made in different sizes and can be manipulated easily (Figure

S4). More importantly, the hydrogels do not affect the cell
morphology and detach cells out of a substrate after sequential
stamping (Figure S5).

Optimization of Hydrogel Staining Conditions. Next,
we optimized the staining conditions for each hydrogel stamp.
We stained blood cells using eosin- and methylene blue/Azure
B-containing hydrogels for different times and examined blood
cell staining. Figure 2A shows blood cells stained by the eosin
hydrogels in different times from 10 to 60 s. For eosin, staining
was saturated after 30 s determined by the mean absorption
intensities (Figure 2B). Similarly, we determined that the 10-s
incubation was optimal for methylene blue/Azure B staining
(Figure 2C). We then tested different buffer hydrogel
conditions to remove unbound and excess dyes and
determined that 180 s of contact with a pH 6.8 buffer patch
was optimal (Figure 2D and S6) as per a pathologist’s review.
The evaluation criteria include the pinkish color in red blood
cells (RBCs) stained by eosin dye and the purple color and
contrast for nuclei of leukocytes stained by methylene blue/
Azure B.24 Hydrogel-based staining under these conditions
produced the optimal contrast and a blend of blue, red, and
purple colors comparable to results obtained by conventional
Wright-Giemsa staining (Figure S7).22 No intermediate
washing step was necessary after eosin and methylene blue/
Azure B staining (Figure 2E); only the buffer hydrogel at the
end was sufficient to remove unbound dyes and produce a
good quality of staining.

Staining Validation. To validate the hydrogel staining
method, we prepared blood smears from healthy donors and
compared the staining quality to a conventional method. One
set of slides was stained using the hydrogel method, and the
second set of slides was stained on an automated blood smear
instrument (Sysmex SP-10), an U.S. Food and Drug
Administration (FDA)-approved equipment used in major
clinics. We then used a digital cell analyzer, Cellavision, to

Figure 2. Characterization of hydrogel-based Wright-Giemsa staining. (A) Blood cells stained by eosin hydrogels for different staining times. Scale
bar: 20 μm. (B) Mean absorption of RBCs and background as a function of staining time. Optimal staining is observed at 30 s. Scale bar: 20 μm.
(C) Blood cells stained with methylene blue/Azure B hydrogels for different staining times. Optimal staining is observed at 10 s. Scale bar: 20 μm.
(D) Blood cells washed at different pH values of buffer hydrogels. Scale bar: 20 μm. (E) Mean absorption of RBCs in red and blue channels at each
stamping step with or without intermediate washing steps after staining. No significant difference is observed with or without washing.
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analyze the images obtained from the two methods and
determined WBC counts. Figure 3A shows representative
images of neutrophils, lymphocytes, monocytes, eosinophils,
and basophils stained by hydrogel staining and the high-end
Sysmex instrument. There was an excellent correlation for
WBC counts obtained with the two methods, especially for
neutrophils (linear regression, R2 = 0.98), lymphocytes (R2 =
0.99), and eosinophils (R2 = 0.90, Figure 3B). Lower
correlations were observed for monocytes (R2 = 0.70) and
basophils (R2 = 0.38). However, the lower correlations for
monocytes and basophils were also seen when comparing an
FDA-approved instrument (Sysmex) and manual microscopy
(R2 = 0.66 for monocytes and R2 = 0.34 for basophils),28 likely
due to small cell counts. Furthermore, two microscopists
examined the same sets of slides prepared by hydrogel staining
and concluded that there were no significant differences in the
WBC counts (Figure S8A). The correlation coefficients
between the two microscopists were similar to those seen
when the slides were prepared using the Sysmex system
(Figure S8).
Detection of Malaria-Infected Cells Using Hydrogel

Staining. To determine hydrogel staining’s clinical applic-
ability in LMICs, we next applied it to detect malaria-infected
RBCs. We chose malaria as it is a major threat to public health,
particularly in tropical regions. A microscopic examination of a
blood smear is the current standard method for malaria
diagnosis. Malaria-infected RBCs are detected by the unique
and characteristic ring forms of parasites inside RBCs (Figure
4A). We obtained blood samples from the Weiz Medical
Center in Malawi and prepared blood smears from malaria-
infected patients (n = 5) and healthy controls (n = 5). One set
of slides was stained by hydrogel staining, and the second set of
slides was stained using standard Giemsa staining. In samples
from malaria-infected patients, parasite ring forms in malaria-
infected RBCs are clearly visible after hydrogel staining (Figure

4A). The hydrogel staining performance was comparable to
conventional Giemsa staining. On an average, among 2000
RBCs analyzed, 0.2−1.7% of RBCs were found infected in the
positive samples (Figure 4B). There is no significant difference
between the slides prepared by hydrogel staining and the
conventional method (t-test, p = 0.07−1.00).

Figure 3. Comparison of hydrogel staining with Sysmex automated staining for WBCs. (A) Representative images of different WBCs stained by
hydrogel staining and the Sysmex instrument. Scale bar: 10 μm. (B) Correlations of WBC counts from 20 patient samples prepared by hydrogel
and system automated staining.

Figure 4. Hydrogel staining of malaria-infected RBCs. (A)
Representative images of malaria-infected RBCs. Scale bar: 10 μm.
(B) Number of infected cells detected in patient samples using
conventional Giemsa staining (blue bars) and hydrogel staining (red
bars).
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■ DISCUSSION

The standard Wright-Giemsa/Giemsa staining protocol was
established about 110 years ago. Despite its long history and
widespread use, variability in staining of blood smears often
becomes an issue for accurate diagnosis of blood-borne
diseases (e.g., malaria), which usually requires a skilled and
experienced technician. To improve the robustness and quality
of blood staining in resource-limited settings, we developed a
simple hydrogel-based staining method. Hydrogel staining
deploys three agarose gels with pre-embedded reagents. High-
quality staining can be achieved by sequentially placing these
gels in contact with the blood smear. Staining can be
completed in less than 4 min and does not require additional
equipment or reagents. The hydrogel staining thus saves
significant amounts of reagents and reduces biological wastes
(Table S2).
In hydrogel staining, direct contact of hydrogels to a thin

blood cell film transfers dyes to blood cells on a slide. We
presume that the charged dyes dissolved in water are weakly
contained in the uncharged hydrogel matrix. When the
hydrogel is in contact with blood cells, dyes diffuse out of
the hydrogel and stain blood cells. After eosin and methylene
blue staining, the buffer hydrogel absorbs excessive unbound or
weakly bound dyes from stained blood cells. The staining time
and buffer pH determine the contrast and color tones of cell
staining.
In developing hydrogel-based staining, several factors, such

as hydrogel material, concentration, and mechanical properties,
should be considered to obtain good staining quality and
reproducibility. For example, we had an issue with alginate
hydrogels for nucleus staining with methylene blue, while
polyacrylamide hydrogels showed quality blood cell staining as
good as agarose (Figure S9). We chose agarose over
polyacrylamide by considering 10-times lower material costs
and better feasibility for mass production with agarose. The gel
concentration determines the hydrogels hardness. At low
agarose concentrations below 1%, the hydrogel was too soft
and could be easily broken in handling. Although we neither
saw any morphological changes nor detachment of cells using
our 2% agarose hydrogels, harder hydrogels might damage cells
during stamping.
We demonstrated that simple, three-step hydrogel staining,

completed in less than 4 min, produces high-quality staining
comparable to a high-end automatic cell stainer, and five
differential WBC counts were accurately measured using a
conventional digital analyzer. Also, hydrogel staining could
accurately detect malaria-infected RBCs for malaria diagnosis.
The results demonstrated the suitability of the new solution-
free staining method for clinical applications. The hydrogel
staining method could also be used for other conventional
staining. For example, hematoxylin and eosin (H&E) staining
on formalin-fixed paraffin-embedded (FFPE) tissue sections
could be carried out using the agarose hydrogels (Figure
S10).29 We envision that Papanicolaou and gram staining for
cytology and bacterial specimens could be realized by
hydrogels for broader clinical applications.30,31

■ CONCLUSIONS

In summary, we showed that hydrogel staining provides a
simple, easy-to-use, and inexpensive method for high-quality
blood cell staining, with results comparable to the conventional
solution-based methods. The approach will be most effective in

resource-limited settings. Hydrogel staining also provides
opportunities for the development of a miniaturized, fully
automated blood smear system. We are currently developing
an all-in-one system to fully automate blood smear, staining,
imaging, and data analysis in a portable device. The solution-
free approach with hydrogel staining is a key component to
develop such an affordable, miniaturized, and automated
system that can be readily used with minimal training.
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