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Abstract. Diseases caused by many highly pathogenic viruses, including Ebola virus (EBOV) and Lassa virus (LASV),
present with nonspecific signs and symptoms that overlap with common tropical diseases such as malaria. Initial
diagnostic tests performed on patients under investigation for viral hemorrhagic fevers routinely include analysis of
peripheral blood smears to detect and quantify Plasmodium species. In light of recent and ongoing Ebola virus disease
and Lassa fever epidemics, clinical laboratories around the world require protocols for dealing with highly infectious
specimens from patients with suspected or confirmed high-consequence diseases. Few validated protocols for safe
analysis of peripheral blood smears are available, revealing a need for further research. In this study, we evaluated the
performance of two plastic microscope slide types that offer safe alternatives to glass slides, determined the temporal
parameters required to inactivate EBOV and LASV in thin blood smears by methanol fixation, and assessed the virucidal
activity ofGiemsastain.Both typesof plasticmicroscope slidesperformedoptimally; therewerenosignificant differences
in blood cell morphology or tinctorial properties nor were differences noted in Plasmodium ovalemorphology or staining,
when compared with glass slides. For both EBOV and LASV, viable viruses were not detected in thin blood smears
following fixation in absolute methanol for at least 2minutes. By contrast, viable EBOV and LASVwere recovered from all
Giemsa-stained thick blood smears.

INTRODUCTION

The twenty-first century has witnessed the emergence and
re-emergence of several highly pathogenic and highly in-
fectious viruses. Currently, a novel Betacoronavirus, SARS-
CoV-2, is responsible for a pandemic that has caused nearly
18 million documented infections and approximately 700,000
deaths, globally. Previously encountered pathogens such as
Ebola virus (EBOV) and Zika virus have recently caused epi-
demics of unprecedented proportions in geographic regions
previously not known to be at risk for their spread. At the time
of writing this article, an intensifying outbreak of Ebola virus
disease (EVD) has surfaced in the northwestern corner of the
DemocraticRepublic of theCongo (DRC)merely daysafter the
world’s second deadliest EVD epidemic, which was located
in the northeastern part of the DRC, was declared over. Both
the 2014–2016 West African and the 2018–2020 DRC EVD
epidemics saw the movement of virus-infected individuals
into neighboring countries; in the former, cases linked to in-
dividuals originating from countries experiencing local virus
transmission reached regions outside of West Africa, includ-
ing Europe and North America.1,2 As a consequence, sec-
ondary cases among healthcare personnel were documented
in the United States.3

Lassa fever (LF), caused by Lassa virus (LASV), a rodent-
borne Mammarenavirus species, affects more than 500,000
individuals each year in West Africa, primarily in Sierra Leone,
Guinea, Liberia, and Nigeria. Of those cases, approximately
5,000 patients succumb to hemorrhagic fever or other com-
plications of LASV infection.4 Like EVD patients, LF patients
are contagious throughout the duration of their illness and
shed virions in blood and other body fluids. Because many LF

treatment centers lack consistent supplies and use of per-
sonal protective equipment that are required for barrier nurs-
ing, caregivers are at risk for contracting LASVwhile attending
to patients.5 Like with EVD, exported cases of LF have also
been reported, including a case in 2015 in New Jersey.6 The
following year, the first case of LF transmission outside of
Africa was documented in Germany in an undertaker who
worked with the body of a deceased LF patient from Togo.7

Many viral hemorrhagic fevers, including EVD and LF, pre-
sent with clinical signs and symptoms that overlap with those
of common tropical diseases, especially malaria. To screen
patients and determine the severity of parasitemia in cases of
malaria, peripheral blood specimens must be microscopically
examined by way of Giemsa-stained thick and thin smears.
Microscopic examination is also required for morphological
assessments and enumeration of different blood cell types,
as it provides ameasure of the patient’s hematologic status at
the time of specimen collection. Routine diagnostic labora-
tories are generally not equipped with the biocontainment
infrastructure required to perform manipulations of speci-
mens from patients known or suspected to have high-
consequence infectious diseases, so many healthcare
institutions have chosen to construct specialized bio-
containment patient treatment units. Many of these facil-
ities include on-site laboratories in which specimens can
be handled. For the most part, biocontainment patient
treatment unit laboratory support, either provided on-site
or off-site, offers biosafety level-2 (BSL-2) and, rarely,
BSL-3 containment.8 However, many of the protocols
used by these laboratories, including peripheral blood
smear fixation and examination, remain unstandardized, ow-
ing to a paucity of published data regarding safe work prac-
tices that can minimize threats posed by highly infectious
clinical specimens in clinical laboratory settings.
Currently, the U.S. CDC and the American Society for

Microbiology recommend methanol fixation of periph-
eral blood smears for 15 minutes before Giemsa staining
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(https://www.cdc.gov/vhf/ebola/laboratory-personnel/safe-
specimen-management.html), and the WHO recommends
the addition of Triton-X 100 directly to blood specimens
before smear preparation (http://www.wpro.who.int/mvp/
lab_quality/2096_oms_gmp_sop_07b.pdf). Other sources
recommend 5-minute methanol fixation followed by 15-minute
10% buffered formalin fixation or 30-minute methanol fixa-
tion followed by heating at 95�C for 1 hour before staining.9

The disparity between these recommendations is largely due
to a lack of published data regarding the parameters required
to completely inactivate infectious EBOV and other high-
consequence viral pathogens in peripheral blood smears. In
addition, glass slides, which can readily break and puncture
protective apparel and skin, are widely used in clinical labo-
ratories, a practice that should be eliminated in these cir-
cumstances to minimize sharps-related injuries. To that end,
two types of plastic microscope slides were evaluated to
determine their suitability as alternatives to glass microscope
slides for peripheral blood smear preparation.We also assessed
the temporal parameters required to completely inactivate EBOV
and LASV in peripheral blood smears by methanol fixation and
evaluatedthevirucidalcapacityofGiemsastainusingunfixedthick
smears comprising spots of EBOV- or LASV-laden animal blood.

MATERIALS AND METHODS

Ethics and biosafety statement. All animal procedures
were performed in strict accordance with the Guide for the
Care and Use of Laboratory Animals (Office of Laboratory
Animal Welfare, NIH, and the Animal Welfare Act). All ma-
nipulations of infectious substances, including experimen-
tally infected animals, animal blood, and viral cultures, were
performed according to Institutional Biosafety Committee–
approved protocols in the BSL-4 facility within the Integrated
Research Facility (IRF), Rocky Mountain Laboratories, Na-
tional Institute of Allergy and Infectious Diseases, NIH,
Hamilton, MT.
Evaluation of blood cell and Plasmodium appearance in

Giemsa-stained plastic slides. To assess the suitability of
polystyrene and acrylic microscope slides as surrogates for
glass slides, remnant blood from a de-identified human pa-
tient infected with real-time PCR-confirmed Plasmodium
ovale (parasitemia, 1.0%) was used to prepare thin smears, as
described in the following texts, on polystyrene and acrylic
microscope slides (Caplugs Evergreen, Buffalo, NY). Thick
smears were not prepared, as blood cell morphology as-
sessments and definitive plasmodial identification are not
possible using thick smears. The use of remnant de-identified
patient specimens for such analyses was covered under
an existing institutional review board–approved protocol
(Indiana University Institutional Review Board study number
IRB00000219). Air-dried smears were fixed for 2, 5, 10, 15, 30,
and 60 minutes in absolute methanol to simulate possible
fixation conditions that could be required to inactivate high-
consequence viruses that could be present in blood smears.
Fixed smears were stained with a working solution (1:50 di-
lutionwith tapwater) ofGiemsa stain (SigmaAldrich, St. Louis,
MO) according to the manufacturer’s specifications. Stained
slides were examined by three microscopists trained to
identify and quantitate Plasmodium spp. Observers were
asked to comment on blood cell and plasmodial appear-
ance (tinctorial properties and morphology) on plastic slides

compared with those in smears prepared on glass slides.
Representative images of blood cells and plasmodial forms
were taken with an Olympus BX51 compound bright-field
microscope equipped with an Olympus DP27 camera and
cellSens imaging software (Olympus, Tokyo, Japan).
Blood specimens for inactivation studies. Ethyl-

enediaminetetraacetic acid (EDTA)-anticoagulated whole
blood was collected and mixed from two Zaire ebolavirus
(EBOV) strain Mayinga (EBOV-Mayinga)–infected adult cyn-
omolgus macaques that were used for separate EBOV
studies by IRF personnel. Venipuncture was used to obtain
samples at the time of routine health screenings. For LASV
experiments, whole bloodwas collected andmixed from two
Lassa mammarenavirus (LASV) strain Josiah (LASV-Josiah)–
infected cynomolgus macaques by venipuncture at the
time of a routine health screening of animals used for a
separate LASV study. Viral titers were determined by an end-
point dilution assay (for EBOV) or a focus-forming unit (FFU)
assay (for LASV), which are described elsewhere.10,11 Un-
adulterated nonhuman primate (NHP) blood specimens
contained 2.9 × 105 50% tissue culture infectious dose
(TCID50) mL−1 EBOV-Mayinga or approximately 5 × 103 FFUs
mL−1 LASV-Josiah. Initial experiments evaluating thin
smears only were prepared using blood from an EBOV-
infected NHP using 10-μL aliquots of well-mixed blood:
smears contained 2.9 × 103 TCID50 EBOV-Mayinga. Studies
aimed to evaluate inactivation of LASV in both thin and thick
smears were prepared using 10- and 40-μL aliquots, re-
spectively, of blood. Thin and thick smears contained 50
FFUs and 1,250 FFUs, respectively, LASV-Josiah.
To evaluate the ability of methanol and Giemsa stain to in-

activate EBOV and LASV in blood smears containing higher
titers of these viruses, blood specimens obtained from ex-
perimentally infected animals (for EBOV: EBOV-Mayinga–
infected CD-1 mice or an EBOV-Mayinga–infected NHP; for
LASV: a LASV-Josiah–infected NHP) were spiked with
culture-grown viruses. Following spiking of EBOV-Mayinga–
infected mouse blood with a concentrated (1.5 × 108 TCID50

mL−1) stock of EBOV-Mayinga, thin smears were prepared
using 10-μL aliquots of spikedmurine blood containing a total
concentration of greater than 1.5 × 105 TCID50 per slide for
thin smears. Thick smears prepared using 40-μL aliquots
of EBOV-Mayinga–laden NHP blood contained greater than
6.0 × 106 TCID50 per slide. For LASV spiking experiments,
NHP blood was spiked with a stock (5 × 105 FFUs mL−1) of
LASV-Josiah, and thin and thick smears made with 10- and
40-μL of blood contained greater than 5.0 × 103 FFUs per slide
and greater than 2.0 × 104 FFUs per slide, respectively.
Smear preparation, fixation, and/or staining. Thin

smears were made by applying a 10-μL drop of well-mixed
infectious anticoagulated whole blood to one end of clean
polystyrene and acrylic microscope slides (Caplugs). Smears
were made according to a U.S. CDC–endorsed protocol.12

Thin smears were next air-dried and completely immersed in
absolute (200 proof) methanol for 2, 5, 10, 15, 30, and 60
minutes; positive control smears were air-dried but were not
methanol-fixed so as to not inactivate viruses. Negative con-
trols, consisting of mock-infected Vero E6 cells suspended in
phosphate-buffered saline (PBS), were air-dried but were not
methanol-fixed. Because uninfected animal blood was not
available at the time of experimentation, Vero E6 cells were
used as a substitute. Fixation at all time points was repeated

2086 RELICH AND OTHERS

https://www.cdc.gov/vhf/ebola/laboratory-personnel/safe-specimen-management.html
https://www.cdc.gov/vhf/ebola/laboratory-personnel/safe-specimen-management.html
http://www.wpro.who.int/mvp/lab_quality/2096_oms_gmp_sop_07b.pdf
http://www.wpro.who.int/mvp/lab_quality/2096_oms_gmp_sop_07b.pdf


in triplicate for both polystyrene and acrylic slide types. Fol-
lowing fixation for theprescribed timeperiod, smearswere air-
dried within a biological safety cabinet.
Thick smears were prepared by applying 40-μL aliquots of

infectious EDTA-anticoagulated blood to both polystyrene
and acrylic microscope slides and smearing the blood in a
circular motion with the pipet tip until they were 1–2 cm in
diameter, according to the CDCprotocol.12 Smears were next
air-dried and then overlaid with 0.5 mL of a working Giemsa
stain solution. Smears were stained for 10 minutes and 40
minutes; each treatment was performed twice more to gen-
erate triplicate data. Unstained thick smears were prepared
using infectious blood or mock-infected Vero E6 cells sus-
pended in PBS to generate positive and negative controls,
respectively, as described earlier.
Viral infectivity assay. To assess the viability of EBOV-

Mayinga and LASV-Josiah following methanol fixation or
Giemsa staining, fixed or Giemsa-stained smears were re-
moved from slides with flocked swabs, suspended in PBS,
and overlaid onto monolayers of Vero E6 cells. In brief, for
methanol-fixed thin smears, sterile PBS-moistened flocked
swabs were used to entirely remove smears frommicroscope
slides. Blood was eluted from swabs into 1.5-mL aliquots of
PBS by vortexing swab tips in sealed tubes. Resulting eluates
were evenly distributed over three wells of Vero E6 cell
monolayers in six-well cell culture plates and permitted to
adsorb for 1 hour at 37�C. Following adsorption, 2.5-mL ali-
quots of Dulbecco’s Modified Eagle Medium containing
L-glutamine, 2% fetal bovine serum, penicillin, and strepto-
mycin (infection medium) was added to each well. Cells were
next incubated for at least 14 days at 37�C in 5% CO2, and
cells that lacked demonstrable cytopathic effects (CPEs) were
passaged by transferring 1-mL aliquots of culture medium to
plates of fresh cells and fresh infection medium. This process
was completed one additional time before CPE-less wells
from the original cultures were deemed negative.
To assess the viability of viruses in Giemsa-stained exper-

imental treatments, the entire volume (0.5 mL) of Giemsa stain
used to stain slides and the thick smears was harvested and
used to inoculate Vero E6 cells. Cell culture plates were in-
cubated, passaged, and analyzed as before. GraphPad Prism
version 8.1.0 (GraphPad; available at: https://www.graphpad.
com/scientific-software/prism/) was used for constructing
graphs of viral viability for each treatment.

RESULTS

Polystyrene and acrylic microscope slides are suitable
and safe alternatives to glass microscope slides. Glass
microscope slides present physical hazards (e.g., cuts and
punctures) that increase the risk of high-consequence path-
ogen transmission in the laboratory environment, so, when
possible, safer plastic alternatives should be used. To de-
termine if plastic slides could serve as replacements for glass
slides for peripheral blood smear examination and plasmodial
identification, we prepared thin peripheral blood smears using
EDTA-anticoagulated whole blood from a human patient in-
fected with P. ovale. Slides fixed for various lengths of time
(2–60 minutes) were stained with Giemsa. Observers, com-
prised three doctoral-level clinical microbiologists who were
blinded to fixation times and slide types, were asked to
compare erythrocyte, leukocyte, and P. ovale–infected cell

morphologies and staining characteristics in smears prepared
on the different slide types. In each case, observers could not
identify significant differences in blood cell and plasmodial
morphologies or staining qualities on smears prepared on
plastic slides that were fixed for various times. However, one
observer noted a very slight increase in the number of
dacrocytes (“teardrop” erythrocytes) on a few acrylic slides. A
correlation between experimental treatments and the per-
ceived appearance of more dacrocytes could not be estab-
lished. These observations are in line with those of a previous
study that showed prolonged methanol fixation did not ad-
versely affect the interpretability of peripheral blood smears
stained with Wright’s stain.13 Photographs of representative
fixation time points and slide materials are shown in Figure 1.
Methanol fixation rapidly inactivates infectious EBOV

and LASV in thin peripheral blood smears. Peripheral blood
samples containing infectious EBOV-Mayinga and LASV-
Josiah were used in separate experiments to determine the
temporal parameters required for inactivation of these viruses
by absolute methanol, the most commonly used fixative for
the preparation of thin smears destined for parasitological and
hematological analyses. Blood smears containing infectious
EBOV-Mayinga at titers of 2.9 × 103 and greater than 1.5 × 105

TCID50 per smear or LASV-Josiah at titers of 50 and greater
than 5 × 103 FFUs per smear were prepared as described
using either NHP ormurine blood. Air-dried smears were fixed
for various amounts of time and air-dried before smear removal
and culturing. For all of the fixation time points assessed (2–60
minutes) and for all the blood specimen types (natural infections
andspiked,higher titer samples)analyzed,viableEBOV-Mayinga
and LASV-Josiah were not detected (Figure 2). Positive and
negative controls were performed as expected. In positive con-
trol slides, EBOV-Mayinga and LASV-Josiah CPEs were readily
apparentwithin thefirst 14daysof incubation, andcells receiving
mock-infected Vero E6 cells remained negative following two
additional passages, as with the experimental treatments
(Figure 2).
Giemsa staining alone does not inactivate EBOV and

LASV in thick peripheral blood smears. Thick smears made
with 40-μL aliquots of animal blood containing EBOV-
Mayinga at a titer of greater than 6.0 × 106 TCID50 per smear
or LASV-Josiah at titers of greater than 2.0 × 104 FFUs per
smear were prepared as previously described. After drying
within the biosafety cabinet, smears were covered with a
working solution of Giemsa stain for 10- and 40-minute ex-
posure times. Following incubation, the Giemsa stain and
peripheral blood spots were harvested from slides and were
used as inocula for monolayers of Vero E6 cells in six-well
plates. Thick smears containing either EBOV-Mayinga or
LASV-Josiah were positive for viral growth within 14 days of
inoculation (Figure 2). Positive and negative controls similar to
those generated for methanol fixation experiments were used
in this series of experiments and yielded expected results, as
before (Figure 2). Data generated by these experiments
demonstrated that Giemsa staining alone is insufficient for
inactivation of EBOVandLASV in thick smears, so the analysis
of thick smears should be avoided to minimize the chances of
laboratory-acquired infections. Although exclusion of thick
smears is essential for avoiding hazards posed by high-
consequence pathogens, readers should be aware that the
overall sensitivity of themicroscopic detection ofPlasmodium
sp. will be reduced, especially in cases of low-level
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parasitemia. In aneffort tomaximize the likelihoodof detecting
plasmodia under these circumstances, laboratorians should
consider examining additional thin smears. Alternately, labo-
ratorians may wish to explore PCR-based testing options,
which will obviate the need for smear preparation and its as-
sociated hazards.

DISCUSSION

The emergence and re-emergence of numerous highly
pathogenic viruses such as EBOV and LASV have prompted
healthcare facilities around theglobe to establish protocols for
safe handling of patients, blood and other body fluids, and
infectious wastes generated as part of the diagnosis and
treatmentof suspectedor confirmed infections. Thebroaduse
of glass microscope slides, which present physical hazards
that could potentially expose laboratorians to significant bio-
hazards, coupled with a lack of standardized methods that
have been proven to totally inactivate EBOV and LASV in
peripheral blood smears, leaves holes in the safety in-
frastructure of laboratories charged with the tasks of per-
formingmalaria testingonpatients under investigation for EVD
and LF. The use of lateral-flow immunochromatographic
malaria diagnostic assays in place of blood smears is an op-
tion; however, these methods are known to have drawbacks,
including low analytical sensitivities and misclassification of
some Plasmodium spp.14 In addition, parasite burden cannot
be obtained by lateral-flow tests, so peripheral blood smears
must be examined to make this estimation. The use of nucleic

acid amplification tests such as PCR presents another option;
however, most clinical laboratories do not routinely perform
this testing, so specimens would have to be referred to an-
other laboratory for testing.
To address these issues, we investigated the suitability of

twoplasticmicroscope slide types, polystyrene andacrylic, as
alternates to glass microscope slides; evaluated temporal
parameters required to totally inactivate EBOV and LASV in
thin blood smears by methanol fixation; and assessed the vi-
rucidal activity of Giemsa stain. We showed that regardless of
the fixation times tested, Giemsa-stained thin smears using
both plastic slide types produced results equivalent to those
obtained using glass slides. We therefore suggest the sub-
stitution of glass slideswith either polystyrene or acrylic slides
for use in laboratories that perform peripheral blood smear
examinations on patients under investigation for EVD and LF
and potentially other viral hemorrhagic fevers. For each
methanol fixation time point assessed, complete inactivation
of EBOV and LASV was observed in all experimental repli-
cates, and Giemsa staining alone was determined to be in-
sufficient to render thick blood smears safe to handle outside
of maximum biocontainment.
Previous studies conducted by Cutts et al.15 at the Cana-

dian Science Centre for Human and Animal Health laid the
groundwork for a better understanding of the dynamics of
EBOV inactivation in peripheral blood thin smears. Their work
determined that absolute methanol completely inactivated
EBOV-Makona after 15 minutes of exposure. Our investiga-
tions add to that work by providing more precise inactivation

FIGURE 1. Morphological and tinctorial properties of blood cells andplasmodial forms inGiemsa-stained thin blood smears prepared on different
slide types and methanol-fixed smears for varying lengths of time. No significant differences in blood cell or plasmodial morphologies, and only
minor differences in staining were observed. Despite infection of the specimen source—patient with Plasmodium ovale, Schüffner’s stippling was
not evident; however, stippling was also not observed on slides used for the initial diagnosis of the patient’s malaria. Bar, 10 μm.
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times and include another high-consequence virus, LASV. In
addition, we have shown that Giemsa stain is not an effective
virucide. This knowledge, coupled with the fact that thick
smears require a larger volume of blood, indicates that thick
smears should not be performed because they constitute an
infection hazard following staining. Because thin smear–only
examination reduces the analytical sensitivity of smear
examination–based malaria diagnosis, additional thin smears
should be examined or an alternative method (e.g., PCR)
should be used to screen blood specimens.
Limitations of this study include the use of a single blood

specimen from one patient with low-level P. ovale parasitemia
and a lack of evaluation of blood cell and plasmodial ap-
pearance in Giemsa-stained smears prepared on plastic
slides using blood specimens from patients with different
levels of parasitemia. Because the prevalence of malaria

among patients treated at the hospital from which the human
blood specimen was obtained for this study is very low, only
the single P. ovale–containing specimen was available during
this study. Despite this shortcoming, this study describes
detailed methods that clinical laboratories that choose to
evaluate these smear fixation andmorphological analyses can
replicate using blood specimens from patients infected with
other Plasmodium spp. (e.g., Plasmodium falciparum). In ad-
dition, it may be possible for other investigators to evaluate
variable fixation times on the ability to calculate parasitemia.
In the future, we plan to investigate additional laboratory

practices that can mitigate the hazards associated with ma-
nipulations of other clinical specimens containing high-
consequence viruses. For example, we are interested to
know if routine Gram staining of positive blood culture broths,
respiratory secretions, and other body fluids is sufficient to

FIGURE 2. (A) InfectiousEbola virus (EBOV) and (B) Lassa virus (LASV)were undetectable in thin blood smears fixed in absolutemethanol for each
time point tested in all replicates. Infectious viruses were detected in all Giemsa-stained thick blood smears for both time points tested in all
replicates.
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inactivate EBOV, LASV, Crimean–Congo hemorrhagic fever
virus,Nipah virus, andothers.Until then,weoffer thedata from
this set of experiments, which enrich the knowledge base
of safety practices used for the diagnosis of malaria and other
blood parasite infections in individuals under investigation,
or care, for EVD and LF. Such data can be used in conjunction
with thorough risk assessments for the development of pro-
tocols to be used in biocontainment patient care laboratories or
other clinical laboratories charged with the tasks of assisting
with the care of highly infectious patients.
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