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Abstract

Most of the commonly used bioaerosol samplers are single-stage impactors that meet the conventional Marple’s
design criteria: their non-dimensional jet-to-plate distance,S/W , is greater than the established threshold (1.5 for
rectangular nozzles and 1 for the circular ones). Recent studies have shown that these samplers underestimate
the concentration of airborne fungal spores because their cut-off size is about 2.5�m (Air-O-Cell and Burkard
samplers) or greater while some fungal species produce spores of ca. 1.8–2.5�m in aerodynamic diameter. In this
study, we evaluated the single-stage circular-jet impactors with very small jet-to-plate distances (S/W>1). The
laboratory and field data obtained with test particles of different sizes and different origin (biological and non-
biological) demonstrated the feasibility of these “incorrectly designed” impactors for the spore collection and total
enumeration (viable + non-viable spores). A decrease in the jet-to-plate distance resulted in a critical decrease of
the impactor’s cut-off size (d50): from 2.5�m to about 1�m. This reduction of cut-off size makes such an impactor
efficient for collecting spores of all fungal species (�1.8�m) and even some bacterial species (�1�m). Since
the spore surface density across the circular deposit area was non-uniform, three sample reading procedures were
evaluated: the entire area count, random partial count, and a partial count on a rectangular “diametric slice”. The
collection efficiency data suggested that a relatively small jet-to-plate distance is likely to result in excessive shear
forces in the impaction zone, thus enhancing the spore deaggregation and bounce. The coefficient of inter-sample
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variation of the field samples, collected by commercially available impactors withS/W ≈ 0.099, did not exceed
50% for the total spore count. The highest variability was observed for Arthrospores, which were more aggregated
than other types of fungi.
� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Exposure to high levels of indoor and outdoor bioaerosols, particularly to airborne spores, is asso-
ciated with a risk of respiratory infections, various allergic responses, and other adverse health effects
(Cox & Wathes, 1995). Assessment of the potential hazards caused by the bioaerosol exposure requires
accurate collection of representative samples and their quantitative and qualitative characterization. A
large variety of methods for bioaerosol sampling are available, including impaction, impingement, col-
lection on filter, and electrostatic precipitation. Inertial impactors have some limitations for measur-
ing viable bacteria and fungi because high impact velocity can result in the metabolic and structural
injuries of the collected microorganisms (Stewart, Grinshpun, Willeke, Terzieva, & Ulevicius, 1995;
Terzieva et al., 1996; Lin, Reponen, Willeke, Grinshpun, & Foarde, 1999). These limitations do not apply
to the enumeration of total airborne microorganisms (viable + non-viable count). The airborne spore
enumeration is usually conducted after collecting the spores on a slide of a single-stage impactor. The
Burkard 7-day Volumetric Spore Trap (Burkard Manufacturing Company Ltd., Hertfordshire, UK) with
a single-stage rotating drum is widely used for collecting outdoor fungi (Emberlin, Newman, & Bryant,
1995; Mitakakis, Clift, & McGee, 2001). The slit glass-slide impactors, such as the Burkard Personal
Volumetric Air Sampler (Burkard Manufacturing Company Ltd.) and the Air-O-Cell sampling cassette
(Zefon Analytical Instruments, Inc., St. Petersburg, FL, USA), are typically used for indoor spore sam-
pling (e.g.,Levetin, Shaughnessy, Fisher, Ligman, & Harrison, 1995; DeKoster & Thorne, 1995;Adhikari,
Sen, Gupta-Bhattacharya, & Chanda, 2000).

While all single-stage inertial bioaerosol impactors operate on the same principle, their collection
efficiency may be drastically different. The efficiency of an impactor is characterized by the cut-off size,
d50, defined as the particle aerodynamic diameter,da, for which the impactor’s collection efficiency is
equal to 50%. For example, the cut-off size of the Burkard PersonalVolumetricAir Sampler and theAir-O-
Cell sampler at their standard operating flow rates (Q=10 and 15 L min−1, respectively) is approximately
2.5�m (Reponen, Willeke, Grinshpun, & Nevalainen, 2001b; Trunov, Trakumas, Willeke, Grinshpun, &
Reponen, 2001). This cut-off size makes the above impactors efficient for collecting spores ofPenicillium
melinii with da ≈ 3�m (Reponen, Grinshpun, Conwell, Wiest, & Anderson, 2001a) andStachybotrys
spp. withda ≈ 4.2�m (Reponen, 1995). Our earlier studies (Aizenberg, Reponen, Grinshpun, & Willeke,
2000; Grinshpun, Reponen, Willeke, Mainelis, Górny, & Trunov, 2002) showed that these samplers are
less efficient(< 50%) in collecting spores of smaller sizes, such asBacillus subtilisvar. niger with
da ≈ 0.9�m (Aizenberg et al., 2000) or Cladosporium cladosporioideswith da ≈ 1.8�m (Reponen
et al., 2001a).

Fungal species produce primarily spores with an aerodynamic diameter of 1.8�m or greater. Therefore,
the current instrument development effort is directed toward reducing the cut-off size of an impactor below
1.8�m, which would make such an impactor efficient for collecting most fungal species. Furthermore,
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Fig. 1. Schematic representation of a single stage impactor.

some designs aim at achievingd50< 1�m so that the impactor would be efficient not only for fungi
but also for many spore-forming bacterial species. Examples are the three novel single-stage impactors,
namely CyClex BioAerosol Impact Sampler, Cyclex-d Cassette, and Micro5 Microcell, which have
recently become commercially available (all samplers are manufactured by EMS, Inc., Charleston, SC,
USA). These impactors have a circular nozzle (unlike the rectangular one of the Burkard and Air-O-Cell
samplers). The major novelty, however, is in the jet-to-plate distance,S, which for all three EMS impactors
is considerably lower than their nozzle diameter,W (seeFig. 1).

Resulting from extensive theoretical analyses and experimental studies, the conventional single-stage
impactors are usually designed based on two criteria (Marple, 1970; Marple & Liu, 1974; Marple &
Willeke, 1976a,b; Rader & Marple, 1985):

(1) the non-dimensional jet-to-plate distance,S/W, should be larger than 1 for circular inlets and larger
than 1.5 for rectangular ones; and

(2) the Reynolds number,Re, of the air flow in the nozzle (throat) should be between 500 and 3000 for
both circular and rectangular inlets.

The above criteria produce the desirable sharp collection efficiency curve with a cut-off size that is not
sensitive to a small variability of the jet-to-plate distance. In addition, the spatial uniformity of the particle
deposit on the collection plate is improved if the limiting conditions forS/WandReare met. The latter
may be preferable in a situation when the microscopic count is not performed on the whole deposit area
but—instead—on a part of this area (the partial slide reading).

Marple (1970)studied the collection efficiency as a function of the impactor’s characteristic Stokes
number, Stk. The collection efficiency curves of the impactors are often characterized by Stk50, or the
Stokes number that provides the collection efficiency of 50%:

Stk50 = �pCcd
2
50U

9�W
, (1)

where�p is the particle density;Cc is the Cunningham correction factor (∼1 for particles larger than 1�m);
U is the airstream velocity in the nozzle; and� is the air viscosity. The Marple’s study demonstrated that
the circular-jet design of the impactor allows achieving greater collection efficiency than the rectangular-
jet design (at the same Stk-values). Furthermore, the efficiency curve of the circular-jet impactor appeared
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to be less sensitive to the jet-to-plate distance limitation than that of the rectangular one, given that both
were operating under the same conditions. For instance, if theS/W criterion for circular impactor is not
met, i.e.,S/W �1, the collection efficiency curve becomes less sharp as the non-dimensional jet-to-plate
distance decreases. On the other hand, this curve shifts to the left allowing better collection of smaller
particles (Marple, 1970). For example: Stk50 ≈ 0.226 atS/W = 1, while Stk50 ≈ 0.075 atS/W = 1/8
(the lowest tested value in the Marple’s study). The above change in theS/W -ratio decreases the cut-off
size by a factor of (0.226/0.075)0.5 = 1.74.

Generally, the sharp “cut-off” is important from the particle size classification standpoint. The step-
function collection efficiency curve assures that all particles withda > d50 are collected and all those with
da < d50 pass through (Hinds, 1999). However, if an impactor is designed to collect particles of a specific
nature (e.g., spores, which are usually distinct from other particles when being observed and counted
under the microscope), the primary requirement is only to assure that all the particles within the size
range of interest are collected at the efficiency greater than 50%. Therefore, this study was initiated to
experimentally determine the collection efficiency of circular single-stage impactors that have very small
jet-to-plate distances,S/W>1, i.e., do not meet the first impactor design criterion. The applicability of
these “incorrectly designed” impactors was investigated with respect to the airborne spore collection on
the slide followed by the slide microscopic analysis.

2. Experimental

2.1. Laboratory evaluation

2.1.1. Experimental setup
The experimental setup is shown inFig. 2. This facility has been used in our previous studies of

bioaerosol samplers (Stewart et al., 1995; Terzieva et al., 1996;Aizenberg et al., 2000; Trunov et al., 2001).
The test particles were aerosolized as described below and then diluted with HEPA-filtered compressed
air. The diluted aerosol passed through a 10-mCi85Kr electrostatic charge equilibrator (model 3012, TSI
Inc., St. Paul, MN, USA) and then entered the aerosol chamber (approximately 14.5 cm in diameter and
25 cm in height), which housed the tested impactor. The aerosol concentration,CUP, upstream of the
impactor, and the concentration,CDOWN, downstream of it, were measured using an optical particle size
spectrometer (Model 1.108, Grimm Technologies, Inc., Douglasville, GA, USA) operated at a flow rate
of 1.2 L min−1. The Grimm OPC, equipped with an inlet that had the same design as the impactors’ inlet,
measured particles in the optical size range of 0.3 to> 10�m. The data were recorded in 15 channels
with a time resolution of 6 s. The particle size distributions and concentrations were also measured by an
aerodynamic particle size spectrometer (Aerosizer, TSI Inc. - Amherst Process Instruments, Hadley, MA,
USA) operated at a flow rate of 5.1 L min−1. When liquid particles, such as oleic acid, are accelerated in
theAerosizer’s nozzle, they become elongated. Hence, the instrument does not generally measure the true
diameter of spherical particles. Based on the findings published byBaron, Martinez, and Jones (2003)
andBartley, Martinez, Baron, Secker, and Hirst (2000), we estimated the problem of incorrect particle
size measurement due to droplet distortion and found that it occurs only when the oil droplets are larger
than 4–5�m. Since our test particles were smaller, the Aerosizer data were not corrected for the above
effect. The relationship between the optical and aerodynamic particle diameters obtained with the Grimm
OPC and the Aerosizer, respectively, was established.
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Fig. 2. Experimental setup.

The entire setup was located in a class II biosafety cabinet, (Model 6TX, Baker Co., Inc., Sanford, ME,
USA). The temperature was maintained at 23±1◦C and the relative humidity at 35± 5% throughout the
experiments.

2.1.2. Test aerosols
The performance characteristics of the impactors were studied with physical and biological particles of

different sizes. The physical aerosols included polydisperse oleic acid liquid droplets (da=0.5–5�m) and
monodisperse polystyrene latex (PSL) spheres (da = 0.85, 1.18, 1.53, 2.20, and 3.04�m, obtained from
Bangs Laboratories, Inc., Fishers, IN, USA). The biological aerosols chosen for the collection efficiency
experiments were:Bacillus subtilisvar.niger [BG, bacterial spores ofda = 0.9�m (�g = 1.2) obtained
from the US Army Edgewood Laboratories at the Edgewood Research, Development, and Engineering
Center, Aberdeen Proving Grounds, MD, USA; courtesy of Ms. A. Akiyemi and Dr. E.W. Stuebing],
Cladosporium cladosporioides[fungal spores ofda = 1.8�m (�g = 1.1), ATCC 58991],Aspergillus
versicolor [fungal spores ofda = 2.5�m (�g = 1.1), RTI Culture # 367; obtained from the Research
Triangle Institute, NC, USA; courtesy of Dr. E. Cole]. These bacterial and fungal species are common
in indoor and outdoor air environments (Meldrum, O’Rourke, Boyer-Pfersdorf, & Stetzenbach, 1993;
Madelin, 1994; Horner, Helbling, Salvaggio, & Lehrer, 1995; ACGIH, 1999). The BG spores are also
commonly used as a simulant ofBacillus anthracisand several other biological agents (Johnson, Martin,
& Resnick, 1994; Franz, Parrott, & Takafuji, 1997; Hill et al., 1999). In addition, for some selected
experiments,Penicillium brevicompactum[fungal spores ofda = 2.3�m (�g = 1.1), CBS 480-84] and
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Penicillium melinii[fungal spores ofda = 3.0�m (�g = 1.1), isolated from a moldy building] were used
as test microorganisms. All fungal cultures utilized in this study were between 1 and 2 weeks old, which
is generally sufficient for mature sporulation (Burge, 1995).

Before their generation,B. subtilisendospores were washed twice with sterile de-ionized water by
centrifugation at 7000 rpm for 7 min.C. cladosporioidesandA. versicolorwere cultured on malt extract
agar (Beckton Dickinson Microbiology Systems, Sparks, MD, USA). Dichloran Glycerol (DG 18) agar
(Beckton Dickinson Microbiology Systems) was used to cultureP. brevicompactumandP. melinii. The
fungal cultures were incubated before experiments at 25◦C for 7–14 days.

Depending on the type of the test particles, different aerosol generators were utilized. A Collison
nebulizer (BGI Inc., Waltham, MA, USA), operated at 4 L min−1, was used to generate polydisperse oleic
acid and monodisperse PSL particles, as well asB. subtilisspores from a de-ionized water suspension
containing no surfactant. The strong shear forces created by the nebulizer’s high-velocity air jet enhanced
deagglomeration, thus reducing the percentage of large spore aggregates. Fungal spores were aerosolized
directly from their growth agar using an agar-tube disperser (Reponen, Willeke, Ulevicius, Grinshpun, &
Donelly, 1997) operating at 15 L min−1. This spore generator consists of a 30-cm long cylindrical tube
with an orifice at each of the opposite ends. The fungi grown on the agar surface in a half-cylindrical
container are placed inside the dispersion tube. The agar-tube disperser simulates the natural release of
dry spores into the air and reduces the percentage of agglomerated airborne spores due to considerable
shear forces inside the exit orifice.

2.1.3. Test impactors
In this study, we tested single-stage circular-jet impactors with a conical-shape nozzle (angle= 34◦).

The first test impactor (I-1) was made of stainless steel with an impaction orifice ofW =4.62 mm diameter
and a nozzle (throat) length ofL= 11.9 mm. A slide covered with a particle-bounce-preventing adhesive
served as an impaction plate (provided by the EMS, Inc.). The sampling flow rate wasQ = 20 L min−1.
Impactor I-1 was designed with an adjustable jet-to-plate distance and evaluated in four configurations
representing the following non-dimensional jet-to-plate distances:S/W = 0.033, 0.066, 0.099, and 0.13.
One of the above configurations(S/W = 0.099) is utilized in the newly developed commercial spore
impactors, namely the CyClex BioAerosol Impact Sampler (steel body) and Cyclex-d Cassette (plastic
body). Test impactor I-2 was made of plastic with an impaction orifice diameter,W = 2.15 mm, approxi-
mately twice smaller than that of I-1. The sampling flow rate of I-2,Q=5 L min−1, was four times lower
than the flow rate of I-1. Thus, these impactors had about the same air velocity through the nozzle (throat).
Designed with a fixed jet-to-plate distance (S/W ≈ 0.099), impactor I-2 is similar to the commercially
available Micro5 Microcell spore impactor. Both impactors, I-1 and I-2, utilized similar adhesive-covered
plastic slides. The jet-to-plate distances were determined with a tolerance of≈ 25�m.

2.1.4. Determination of the collection efficiency
The performance of an aerosol sampler collecting airborne microorganisms depends on its inlet charac-

teristics and collection efficiency (Nevalainen, Pastuszka, Liebhaber, &Willeke, 1992; Grinshpun, Chang,
Nevalainen, & Willeke, 1994). The errors associated with the particle aspiration into the impactor’s inlet
and the internal wall losses in impactors I-1 and I-2 are negligibly small forda�10�m (Grinshpun,
Willeke, & Kalatoor, 1993). The inlet sampling efficiency of the test impactors was 100±5%. Using the
particle fractional concentrations measured by the Grimm OPC upstream and downstream of the sampler,
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the overall collection efficiency (or capture efficiency),EC, was determined for each optical particle size
as follows:

EC =
(

1 − CDOWN

CUP

)
× 100%. (2)

The optical particle size scale was converted to the aerodynamic one through the comparison of the
particle size distributions measured by the Grimm OPC and the Aerosizer. The particle density used for
the Aerosizer’s data manipulation program was set at 0.8 g cm−3 for oleic acid particles, 1.05 g cm−3 for
PSL spheres, 1.0 g cm−3 for bacterial spores (Bakken & Olsen, 1983), and at 1.1 g cm−3 for fungal spores
(Gregory, 1973).

The sampling time,t, during which the particle concentrations and size distributions upstream and
downstream of each impactor were measured, ranged from 1 to 10 min. When testing with the oleic acid
or PSL particles, each experiment was repeated three times.When testing with spores, each experiment was
repeated eight times (because of the greater variability in the spore size and concentration distributions).

After the capture efficiency was determined for spores by optical particle counting, the slides were
analyzed using a microscope with phase-contrast objectives (Model Labophot 2, Nikon Corp., Tokyo,
Japan) at a magnification of 400× or 1000×. First, the total number of spores,NMICROSCOPE, collected on
the slide deposition area,ADEP, was determined. Since some spores were agglomerated, it was important
to define the counting procedure. Some guidelines recommend counting an aggregate that consist ofn
spores as one unit (count of spore propagules), while others recommend counting it asn units (single
spore count). The microscopic enumeration was performed using both methods. The relationship between
the propagule and single counts was used to characterize the percentage of spore aggregates.

To determine the actual collection efficiency of the tested impactor,EACTUAL , the number of propagules,
NMICROSCOPE, counted under the microscope was related to the upstream bioaerosol concentration of the
impactor,CUP:

EACTUAL = NMICROSCOPE

CUPQt
× 100%. (3)

The direct-reading aerosol measurement (both by the Grimm OPC and the Aerosizer), as well as the
propagule count under the microscope, identifies a spore agglomerate as one particle. Therefore, when
calculatingEACTUAL , we utilizedNMICROSCOPEdata that were based on the propagule count. Generally,
we perceiveEACTUAL as a performance characteristic of a bioaerosol sampler complementary to the
EC. The latter is affected by the particle losses inside the sampler, so that as long asEACTUAL < EC,
EACTUAL seems to be more adequate performance characteristic of a bioaerosol sampler. However, the
definition represented by Eq. (3) it is not perfect as the particle deagglomeration on the impaction plate
may artificially increase the numerator, so that the actual collection efficiency may even exceed 100%.

2.1.5. Spore uniformity on the slide
The spore enumeration on the slide was conducted after mounting it with the lactophenol cotton blue

stain (Beckton Dickinson Microbiology Systems) using a 25-mm2 cover glass. The edges of the cover
glass were sealed by transparent nail enamel. This staining technique allowed differentiating unpigmented
hyaline spores. In addition, phase contrast microscope objectives were used to improve the contrast
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between the particles and the background. The spore enumeration was performed using the Model
Labophot 2 Nikon microscope and a high-resolution digital image analysis system (SPOT RT Diag-
nostic Instruments, Fryer Company, Cincinnati, OH, USA).

There are several different ways of determiningNMICROSCOPEfrom the spore microscopic count on the
slide. The entire slide is rarely counted because such a procedure is too time-consuming. In practice, the
spores are often enumerated on a certain number of microscopic fields (at least 40 fields or 400 particles are
usually recommended). Then the average number of spores per field is multiplied by the ratio of the entire
deposit area to the microscopic field area,ADEP/AFIELD. This assumes that the particle surface density
is relatively uniform acrossADEP. For many slit impactors, including the Burkard Personal Volumetric
Air Sampler and the Air-O-Cell cassette, the particles are not uniformly collected on the slide exhibiting
considerable variability of the microscopic counts across the two-dimensional deposit area (Aizenberg
et al., 2000). For a single-stage, circular-jet impactor (especially the one with a small jet-to-plate distance),
the particle surface density may significantly vary across the circular deposit area, from the center to the
periphery. Thus, three counting methods were used to develop the partial count procedure on the non-
uniform deposit area that would sufficiently represent the sample. First, the total count was performed on
the entire circular deposit area,ADEP=�D2

DEP/4. The definition ofADEP was not trivial since the deposit
on the slide had no clear borderline.ADEP was determined based on the microscopic slide observation
by scanning through the center of the deposit from−W to +W . The diameter of the deposit area,DDEP,
was usually betweenW and 1.5×W . Second, the total spore count was conducted on 10–20 microscopic
fields randomly chosen insideDDEP (the computer-generated random numbers were transferred to the
coordinate system within the deposit area). Third, the spores were counted on a rectangular “diametric
slice” (strip) across the deposit area. The “slice” length was aboutDDEP (closest multiple of microscopic
fields) and its width was equal to the width of a single microscopic field, as presented inFig. 3. The average
number of spores per microscopic field was obtained with each of the three counting procedures applied
to the slide. Thus, the representativeness of the “slice” counting procedure was evaluated as compared to
the random microscopic count and the entire area count.

2.2. Field evaluation

Following the laboratory evaluation, three commercially available impactors withS/W < 10−1, were
tested in the field in two separate experiments.

First, the CyClex BioAerosol Impact Sampler (Q = 20 L min−1, S/W = 0.099) was used to col-
lect samples in six sites in Southwest Ohio (five indoor environments and one outdoor environment).
All indoor sites were characterized by the presence of visible mold. The sampling time was
3–15 min.

Following the sampling, each slide was mounted with the stain and prepared for microscopic analysis
following the protocols described in Section 2.1.4. The total spore enumeration was performed under the
400× magnification of a Leitz Laborlux S microscope (W. Nuhsbaum, Inc., McHenry, IL, USA). Two
procedures were used: (i) counting on 20 microscopic fields randomly chosen inside the deposit area (the
total number of spores exceeded 400) and (ii) counting on the rectangular “diametric slice”. The average
number of spores per microscopic field was determined for the “random” and “slice” counts, respectively.
The relative difference between them was calculated for each sample to evaluate the representativeness
of the “slice” counting procedure, as compared to the random microscopic count. The entire area count
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Fig. 3. Schematic representation of the microscopic counting procedures.

was not performed at this phase since the previous tests showed that the “random” count was sufficiently
representative.

Second, three identical circular slit impactors of each type, including 3× CyClex and 3× Cyclex-d (with
the sameQandS/W ), and 3×Micro5 (Q=5 L min−1,S/W ≈ 0.099), were used to collect samples in two
indoor sites previously identified as mold-problem environments (one in Ohio and one in South Carolina).
In each test, three identical samplers of a specific type operated in parallel for 3–15 min with three
replicates. The total spore count and the genus/group-specific counts within 22 fungal spore types were
performed for each aerosol sample. To characterize the precision of a specific sampler type with respect
to the total and genus/group-specific counts, the coefficient of variation, CV, was determined for each
set of the three simultaneously operated identical samplers(m = 3). For comparison, the spore sampling
was performed in the same two field sites using three identical Air-O-Cell cassettes (Q = 15 L min−1,
S/W = 1), and the CVs of the total spore count was determined.
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Fig. 4. Overall capture efficiency of impactor I-1 (four configurations) for oleic acid particles.

3. Results and discussion

3.1. Overall capture efficiency and actual collection efficiency

Fig. 4 presents the overall capture efficiency curves obtained with oleic acid particles collected by
impactor I-1 for its four configurations. The difference between the aerodynamic and optical particle
diameters of oleic acid particles (measured with the aerodynamic and optical particle size spectrometers,
respectively) did not exceed 15%. As was anticipated, the overall capture efficiency was significantly
affected by the non-dimensional jet-to-plate distance because the conventional jet-to-plate distance cri-
terion ofS/W > 1 for circular impactors (Marple, 1970) was not met. The efficiency sharply increased
with the increasing particle diameter and asymptotically reached 100%. The data show that the lowest
cut-off size,d50 = 0.86�m, was achieved for the smallestS/W = 0.033. At S/W = 0.066 and 0.099,
the cut-off size increased tod50 = 1.12 and 1.5�m, respectively. For the largest jet-to-plate distance
(S/W = 0.13), d50 = 1.8�m. The first three configurations of impactor I-1 (S/W = 0.033, 0.066, and
0.099) assured cut-off sizes, which were low enough to anticipate that all airborne fungal species could
be collected efficiently (EC > 50%). Furthermore, the smallestS/W may be suitable for collecting even
smaller bioaerosol particles, such as bacterial spores, which are mostly about 1�m in aerodynamic diam-
eter. Among the tested configurations, the forth one (with the largestS/W ) showed the lowest potential
for the spore collection. Thus, further experimentation with impactor I-1 was done only with the three
smallest jet-to-plate distances.

Following the tests with a polydisperse aerosol,EC of impactor I-1 was determined for five monodis-
perse PSL particle fractions ranging from 0.85 to 3.04�m, as presented inFig. 5. The aerodynamic and
optical particle diameters of PSL particles were essentially the same (within±5%). The data generally
confirmed the trends seen inFig. 4. However, theEC-values for PSL spheres were lower than those
obtained with oleic acid particles. This difference can be attributed to the particle bounce effect, which
is more pronounced for solid, elastic PSL spheres, as compared to liquid non-elastic oleic acid droplets,
since the latter adhere well to a coated surface of the collection slide. Some PSL particles that impacted
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Fig. 5. Overall capture efficiency of impactor I-1 (three configurations) for PLS particles.

on the slide and bounced off could have been carried away by the effluent airflow and subsequently be
detected downstream of the impactor, thus reducing the overall capture efficiency. Moreover, new incom-
ing particles are likely to bounce from previously deposited ones. This effect may be more pronounced
for higher particle concentrations.

It should be emphasized that the overall capture efficiency does not allow differentiating between the
particles collected on the slide (inside of the collection area) and those, which were lost elsewhere in
the impactor. From this viewpoint,EC may overestimate the actual collection efficiency. On the other
hand,EC can be underestimated by Eq. (2) because the break-up of spore aggregates and their subsequent
escape with an effluent air increasesCDOWN whileCUP remains the same. This occurs when an aggregate
that is detected by the OPC as a single particle upstream of the impactor produces several particles as
a result of the break-up, which—if not collected in the impactor—may be detected downstream, thus
“artificially” decreasing the overall capture efficiency. Thus, the overall capture efficiency can generally
be either greater or lower than the actual collection efficiency.

The tests performed with airborne spores allowed us to determine both the overall capture efficiency
(through the aerosol particle count upstream and downstream of the impactor) and the actual collection
efficiency (through the microscopic count on the slide). The results obtained for the three configurations of
impactor I-1 (S/W =0.033, 0.066, and 0.099) are presented inTable 1. As expected, submicron bacterial
spores ofB. subtiliswere collected with rather low efficiency (< 50%).At the same time, for larger fungal
species(�1.8�m), bothEC andEACTUAL were sufficiently high(> 50%) to conclude that the tested
impactors with a low jet-to-plate distance have a good potential for efficient fungal spore collection. The
overall capture efficiency trends shown inTable 1for bacterial and fungal spores are in a fair agreement
with those, which were obtained using oleic acid and PSL particles of the same aerodynamic sizes
(Figs. 4and5).
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Table 1
The overall capture efficiency (EC)a and the actual collection efficiency (EACTUAL )b for the laboratory-generated microbial
spores sampled by a single-stage impactor (I-1) with different jet-to-plate distances,S/W

Microorganism (da) Efficiency S/W

0.033 0.066 0.099

B. subtilis EC 22.7 ± 1.8 29.1 ± 3.6 22.2 ± 1.9
(0.9�m) EACTUAL 19.1 ± 4.1 19.1 ± 10.0 18.5 ± 3.7
C. cladosporioides EC 56.4 ± 10.0 60.0 ± 8.1 55.5 ± 10.2
(1.8�m) EACTUAL 69.1 ± 2.7 61.8 ± 3.6 67.5 ± 2.8
A. versicolor EC 89.1 ± 4.5 70.9 ± 23.6 87.0 ± 3.7
(2.5�m) EACTUAL 51.8 ± 12.7 54.5 ± 7.3 50.9 ± 13.0

aDetermined by a real-time aerosol monitoring upstream and downstream the impactor.
bDetermined using the microscopic enumeration of propagules (random partial count).

Fig. 6. Spores of the laboratory-aerosolizedP. brevicompactumcollected on the slide of impactor I-1.

The overall capture efficiency and the actual collection efficiency of fungal spores obtained with
impactor I-2 confirmed the results found with I-1 (data not shown). While the difference inEC between
the two impactors with the sameS/W did not exceed 24%, the collection efficiency curve of impactor
I-2 was sharper than that of I-1.

The microscopic count of bacterial and fungal spores on the collection slides revealed a significant
number of spore agglomerates (chains and clusters). As an example,Fig. 6 shows the slide with the
single spores and agglomerates ofP. brevicompactumthat were collected during 5 min by impactor I-1
(S/W = 0.099). It is anticipated that the original percentage of airborne spore aggregates before the
impaction was higher and some of them might have deagglomerated (broken up) during impaction. The
deagglomeration effect is not an exclusive result of the spore bounce as it is enhanced by considerable
shear forces near the impaction slide. Indeed, as the jet-to-plate distance is very low(S>W), the air
streamlines turn sharply from a thin nozzle (throat) of the impactor to even thinner gap between the upper
boundary and the impaction plate, in which the air velocity is increased. The ratio of the air velocity in the
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circular nozzle of the impactor,VNOZZLE, to one in the gap at the turning point,VGAP, can be expressed
as

VNOZZLE

VGAP
=

(
Q

�W2/4

)/ (
Q

�WS

)
= 4

S

W
. (4)

Thus, atQ = 20 L min−1 and forS/W = 0.033, the air accelerates approximately from 20 to 50 m s−1 at
the turning point, creating an increased shear force, which enhances the deagglomeration of spore chains
and clusters.Marple (1970)showed that atS/W < 1 the flow reattaches to the upper boundary and raises
the streamlines off the impaction plate, which may enhance both the deagglomeration and the bounce.

The Reynolds numbers of both impactors, I-1 (Re ≈ 6150) and I-2 (Re ≈ 3370) are higher than
recommended by the conventional design criteria. Nevertheless, the latter is closer to the upper limit of
the recommended range, which makes its collection efficiency curve sharper than that of I-1 (observed
in our tests).

The ratio of the single spore count to the propagule count measured for five species (B. subtilis, C.
cladosporioides, A. versicolor, P. brevicompactum, andP. melinii) was found to be within a range of
1.5–2.5. The average percentage of aggregates slightly decreased with the increase ofS/W from 0.033
to 0.099. In the field, the break-up efficiency of spore aggregates may differ for different fungal species
and environmental conditions.

3.2. Spore enumeration on the slide

The slides obtained during our tests with laboratory-generated spores showed some non-uniformity,
especially for larger fungal particles. In our earlier studies, we observed that for circular-jet impactors with
S/W < 1, the particles tend to create an axisymmetric non-uniform deposit, which we called the “donut”
effect (Grinshpun et al., 2002). Similarly non-uniform patterns was observed bySethi and John (1993)for
circular jet impactors. The particles sampled with impactors I-1 (W =4.62 mm) were deposited primarily
inside the 4.62 mm diameter circle on the collection surface. The particle surface density appeared to be
rather low in the center of the circular deposit area. It was significantly higher at the distance of half-a-
radius from the center and then a gradual decrease towards the periphery. In addition, some spores were
detected outside of the 4.62 mm circle. Average from 12 tests, 26% of spores were observed outside this
“designated” area. One sample ofP. brevicompactumshowed as much as 49%. The deposit spread beyond
the 4.62 mm circle was greater, and the deposit non-uniformity inside the circle was more significant, as
the aerosol concentration and the percentage of spore aggregates increased. For impactor I-2 that had a
smaller nozzle diameter(W = 2.15 mm) and consequently smaller deposit area, these effects were less
pronounced.

The deposits ofB. subtilisbacterial spores were more uniform than those of larger fungal spores.
The samples ofP. melinii (the highest spore size among tested) obtained with impactor I-1, showed
the highest non-uniformity among the laboratory-aerosolized fungal species with an average number of
spores per microscopic field ranging from 4 (center) to 82 (periphery). Nevertheless, the spore count
of the entire deposit area and the partial count on 10–20 randomly selected microscopic fields were
rather similar (within±20%). The difference between the “random” and “slice” counts of the laboratory-
generated samples did not exceed 9% forB. subtilis(minimum) and 27% forP.melinii(maximum). Thus,
the reading of a “diametric slice” averages up the deposit non-uniformity and seems adequate for the
microscopic analysis even if the “donut” effect is significant. The above finding was confirmed by the
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Table 2
The inter-sample coefficients of variation of the fungal spore counts obtained by the CyClex BioAerosol Impact Sampler,
Cyclex-d cassette, and Micro5 Microcell in two field sites

Field test Spore type CV, %(m = 3)a

CyClex Cyclex-d Micro5

Site 1 Total 49.2 10.9 35.4
Aspergillus/Penicillium 51.9 12.8 36.8
Periconia 30.0 19.3 59.2
Arthrospores 88.6 36.3 60.0

Site 2 Total 2.4 20.9 6.0
Aspergillus/Penicillium 23.7 40.1 14.1
Periconia 53.2 9.1 41.7

am = number of identical samplers operated in parallel.

analysis of the field samples obtained by the CyClex BioAerosol Impact Sampler. The ratio of “random”
to the “slice” fungal spore counts for the six field samples were 0.86, 1.17, 0.58, 0.9, 1.23, and 1.07. The
average ratio was approximately 0.97 with the standard deviation of 0.24.

As mentioned above, many available single-stage bioaerosol impactors (e.g., Burkard and Air-O-Cell)
produce pronouncedly non-uniform deposits. When the spore samples taken by these impactors are
analyzed under the microscope, only partial slide reading is usually performed, as the deposit area is too
large to be counted entirely as a routine analysis. Furthermore, the rectangular deposit area on the slide
may differ significantly from one sample to another, which is not taken into account by the common slide
reading practices. This seems to be a cause of significant variability in the spore enumeration from samples
obtained by existing impactors. For circular-jet impactors, the round shape of the deposit represents an
additional challenge for the count of the entire deposit area. Therefore, it is important to develop and
validate the partial slide reading procedure that would allow generating representative data.

3.3. Variability of the field data

The inter-sample variability was assessed for the three commercially available single-stage circular-jet
impactors with a lowS/W (CyClex, Cyclex-d, and Micro5). The samples collected by three identical
impactors of each type in two mold-problem environments (the total of 3×3 ×2 = 18 samples) revealed
a variety of fungal species. The inter-sample coefficients of variation determined for each set of the three
simultaneously operated identical samplers are listed inTable 2. The CVs were calculated based on the
random counts of propagules (each spore propagule was counted as one unit). The data represent the total
spore counts, as well as some selected genus/group-specific counts for the fungal types, which were found
predominant in the tested sites. The variability of the total counts did not exceed 50% for any specific
sampler type. Overall, the data obtained in Site 2 showed lower variability than in Site 1 with respect to
the total fungal spore count. The same tendency was observed for most of the spore types. Arthrospores
demonstrated the highest variability.

The Air-O-Cell cassettes used for the spore collection in the same two field sites demonstrated greater
data variability of the total spore count: CV= 56.2% for Site 1 and CV= 28.5% for Site 2(m = 3).
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Relatively high variability of spore samples commonly occur in the existing field practices. For example,
as has been reported in our earlier paper (Hauck, Grinshpun, Reponen, Reponen, & Willeke, 1997), the
CV of indoor fungal spore samples collected with four(m=4) collocated identical filter cassettes ranged
from 37% to 61%.

The spore deagglomeration inside impactors and the spore bounce are two factors, which may not only
affect the collection efficiency but also contribute to the field data variability. Different species, having
different agglomeration/deagglomeration characteristics and bounce properties (which, in turn, depend
on the environmental conditions), may be collected with different efficiencies (Trunov et al., 2001). Thus,
the total spore count that is affected by the variety of fungal species present in this environment may
exhibit considerable variability.

The number of spore aggregates observed in the field samples collected with the CyClex, Cyclex-d, and
Micro5 was relatively low. At the same time, independent measurements conducted in these sites with the
Air-O-Cell cassettes revealed approximately a two-fold higher percentage of large aggregates, particularly
of Aspergillus/Penicilliumand Arthrospores. A low percentage of aggregates, which was observed in the
samples obtained by the impactors with low jet-to-plate distance, can be attributed to (i) excessive shear
forces that are capable to deaggregate spore agglomerates near the impaction plate, and (ii) considerable
bounce effect. In contrast, for conventional impactors withS/W > 1, such as the Air-O-Cell, the shear
forces are less powerful asVGAP>VNOZZLE [see Eq. (4)], and therefore the deagglomeration rate is lower.
The particle velocity in the impaction zone (∼ VGAP ) is much lower in the Air-O-Cell sampler than in
the CyClex, Cyclex-d, or Micro5, which results in the smaller bounce rate.

Thus, the decrease in the jet-to-plate distance results in the increase ofVGAP, which enhances the spore
deaggregation and bounce. The first effect changes the original bioaerosol composition and the second
one reduces the number of spores collected insideADEP. The above may be considered as a limitation of
the impactors with low jet-to-plate distances.At the same time, the laboratory study showed a clear benefit
of the decreasing ofS/W as it helps increasing the collection efficiency of smaller spores. Therefore, the
impactors withS/W>1 should be designed through the compromise between reducing the cut-off size
and minimizing the spore deaggregation and bounce.

The highest difference in the amount of large agglomerates between the Air-O-Cell samples, on the
one hand, and the CyClex/Cyclex-d/Micro5 samples, on the other hand, was observed for Arthrospores,
which usually occur as chains due to the fragmentation of hyphae. The spore deaggregation and bounce
that are pronounced atS/W>1 might have contributed to the variability of Arthrospore counts, perhaps
to a greater extent than for other fungal types that were less aggregated. This explains the fact that the
highest CV was found for Arthrospores.

4. Summary

In this study, we evaluated the single-stage circular-jet impactors with very small jet-to-plate distances
(S/W>1), which do not meet the conventional design criteria. The laboratory and field data obtained
with various test particles (biological and non-biological) demonstrated the feasibility of these impactors
for the collection and analysis of airborne spores.

The decrease of the jet-to-plate distance results in a critical decrease of the impactor’s cut-off size
(d50): from about 2.5�m of the widely used Air-O-Cell and Burkard samplers to about 1�m. This makes
such an impactor efficient for collecting spores of all fungal species(�1.8�m) and even some bacterial
species(�1�m).
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The spore surface density across the circular deposit area was not uniform. The following three slide
reading procedures were evaluated: the entire area count, random partial count, and a partial count on the
rectangular “diametric slice”.

If the jet-to-plate distance is much smaller than the impactor nozzle, excessive shear forces occur in
the impaction zone, thus enhancing the spore deaggregation and bounce. The latter two effects seem to
have different significance. The efficiencies of capture of solid latex particles reach about 90% suggesting
that the role of bounce is not likely to exceed 10%. Thus, the adhesive was evidently effective, at least
for a relatively short-term collection. Thus, it appears that deagglomeration may cause more significant
concern.

The field evaluation of impactors withS/W < 10−1 showed that the coefficient of inter-sample variation
was below 50% for the total spore count. The highest variability was observed for Arthrospores, which
were more aggregated than other types of fungi.
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