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ABSTRACT: This paper describes the assessment of the BioVigilant� IMD-A™, a novel optical spectroscopy
technology for the detection, sizing, and quantification of both viable and nonviable particles in real time. A
comparative-study of a prototype design with conventional air sampling systems (the MAS-100™ and the CLiMET
CI-450t) is presented. Studies have demonstrated that the BioVigilant IMD-A is capable of simultaneously and
instantaneously enumerating both viable and nonviable particles in a variety of classified and uncontrolled environ-
ments. In general, the data for the IMD-A and the CLiMET followed a similar trend of increasing counts for both the
�0.5 �m and the �5.0 �m nonviable particles when sampling progressed from the most controlled area (Grade A)
to the least controlled area (a loading dock open to the outside of the facility). Zero viable particle counts were
observed for both the IMD-A and the MAS when sampling the Grade A location. However, there was a trend for the
IMD-A to detect significantly greater numbers of viable particles when monitoring all other sampling locations,
especially those locations representing the least controlled environments. In addition, the IMD-A also detected, sized,
and enumerated both viable and nonviable particles in a continuous sampling mode. The IMD-A technology’s ability
to provide real-time data may offer the industry an unprecedented advantage over growth-based bioaerosol samplers
for monitoring the state of microbiological control in pharmaceutical manufacturing environments.
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Introduction

A robust program for the monitoring of viable and
nonviable particles during the manufacture of pharma-
ceutical dosage forms should be well-defined and sus-
tainable throughout the life cycle of the product. This
is especially true for aseptic processing operations, as
an effective environmental monitoring program can
provide meaningful information about the quality of
critical manufacturing zones and ancillary clean areas.
Furthermore, the environmental monitoring program
should provide interpretable data that can assist in

identifying actual or potential contamination issues
associated with specific equipment, components, pro-
cesses, and/or operational activities. From a manufac-
turing control perspective, environmental monitoring
data should be capable of detecting an adverse drift in
environmental conditions in a timely manner that
would allow for meaningful and effective corrective
actions to be undertaken (1).

Environmental monitoring programs are normally
comprised of two components examining viable (i.e.,
microorganisms) and nonviable particles. The U.S.
Food and Drug Administration (FDA) Guidance for
Industry: Sterile Drug Products Produced by Aseptic
Processing—Current Good Manufacturing Practice
(2) and the European Commission EU Guidelines to
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Good Manufacturing Practice, Annex 1, Manufacture
of Sterile Medicinal Products (EU Annex 1) (3) are
publications providing direction for the monitoring of
viable and nonviable particles in aseptic processing
clean areas. For example, EU Annex 1 states that each
manufacturing operation requires an appropriate envi-
ronmental cleanliness level in the operational state in
order to minimize the risks of particle or microbial
contamination of the product or materials being han-
dled (3). Similarly, the FDA Guidance for Industry
recommends taking measurements at sites posing great
potential risk to the exposed sterilized product, con-
tainers, and closures to confirm air cleanliness in crit-
ical areas (2).

A number of factors should be considered when es-
tablishing an environmental monitoring program.
Cleanrooms should be routinely monitored in opera-
tion, and the monitoring locations should be based on
a formal risk analysis study (3). It is also important
that locations posing the most microbiological risk to
the product be designated as a key part of the program
(2). Furthermore, when identifying critical sampling
sites, consideration should be given to the points of
contamination risk in a process, including factors such
as difficulty of setup, length of processing time, and
impact of interventions (2). EU Annex 1 (3) recom-
mends cleanrooms should be routinely monitored in
operation, and particle monitoring should be under-
taken for the full duration of critical processing, in-
cluding equipment assembly, in Grade A zones.
Where aseptic operations are performed, monitoring
should be frequent using methods such as volumetric
air sampling. Additionally, the Grade A zone should
be monitored at such a frequency, and with a suitable
sample size, that all interventions, transient events,

and any system deterioration would be captured and
alarms triggered if alert limits are exceeded (3). The
FDA Guidance for Industry recommends regular mon-
itoring during each production shift, and describes
routine particle monitoring as a beneficial tool in
rapidly detecting significant deviations in air cleanli-
ness from qualified processing norms, such as clean
area classification (2). With respect to sample vol-
umes, EU Annex 1 states a minimum sample of 1 m3

should be taken per sample location when classifying
Grade A zones and that a suitable sample size be
collected during routine monitoring (3). The FDA
recommends using active devices when assessing the
microbial quality of air and using sufficient sample
sizes in order to optimize the detection of environ-
mental contaminants at levels that might be expected
in a given clean area (2). A more comprehensive
review regarding how to establish a meaningful and
manageable environmental monitoring program may
be found in Environmental Monitoring, A Comprehen-
sive Handbook (4).

Both the FDA’s Guidance for Industry and EU Annex
1 specify the maximum allowable level of viable and
nonviable particles per measured volume of air (i.e., 1
m3) when an active air sample is obtained (Tables I
and II).

Opportunities for Using a Rapid Microbiological
Method for Environmental Monitoring

Available air sampling systems are currently limited in
their ability to deliver on the expectations of a robust
environmental monitoring program. For example,
sampling technologies for the continuous and real-
time assessment of nonviable particles are utilized

TABLE I
FDA Air Classificationsa

ISO Class
Designation

Clean Area
Classification

>0.5 �m
Particles/m3

Microbiological
Active Air Action
Levelsb (cfu/m3)

5 100 3520 1c

6 1000 35,200 7

7 10,000 352,000 10

8 100,000 3,520,000 100
aAll classifications are based on data measured in the vicinity of exposed materials/articles during periods of activity.
bValues represent recommended levels of environmental quality. You may find it appropriate to establish alternate
microbiological action levels due to the nature of the operation or method of analysis.
cSamples from Class 100 (ISO Class 5) environments should normally yield no microbiological contaminants.
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today; however, the pharmaceutical industry continues
to rely on single-point, growth-based methodologies
for the detection and quantification of microorganisms
in volumetric air samples. One of the most commonly
used sampling method employs the process of particle
impaction: airborne microorganisms are forcibly de-
posited onto an agar surface where (under the right
growth conditions) they replicate, and develop into
colony-forming units (CFUs), which are subsequently
enumerated. For many years this practice has provided
the industry with an understanding about the state of
microbiological control in critical manufacturing en-
vironments. There are, however, significant limita-
tions to this growth-based methodology, including a
significant time delay between the point when the air
sample is initially acquired to the point when CFUs
are visually detected and enumerated on an agar plate
(e.g., 3–5 days).

In some cases, confluent growth may hamper efforts to
accurately report the true number of CFUs that were in
the original air sample, and some laboratories are
discovering that airborne microbes—when stressed
due to nutrient deprivation, or damaged following
exposure to sub-lethal concentrations of chemical or
physical antimicrobial agents, such as preservatives,
disinfectants, heat or decontaminating gases—may not
replicate and form CFUs when cultured on artificial
media. One explanation for this observed lack of

growth may be attributed to the collected organisms
being in a viable but non-culturable (VBNC) state, in
which the artificial medium and/or incubation condi-
tions are not optimal for the resuscitation and subse-
quent proliferation of the captured microbes (5–16).
Additionally, currently available bioaerosol samplers
are limited by their design with respect to their col-
lection methods and subsequent recovery of microor-
ganisms. For example, the aerodynamics of many air
samplers limits the efficiency and consistency of cap-
turing microorganisms on an agar plate. High air flow
rates, shearing forces and/or desiccation may damage
microorganisms, resulting in reduced or no microbial
growth (17–20).

For these reasons, the modern microbiological labora-
tory should look towards developing innovative ap-
proaches to the detection and quantification of CFUs
or microorganisms in environmental monitoring sam-
ples. Recently, the introduction of rapid microbiolog-
ical methods has filled this void, offering significantly
reduced time-to-result for microbial detection and
quantification—and for some technologies, results in
real-time (21). In this instance, rapid microbiological
methods can be applied as PAT platforms, when in-
formation about the microbial control of a manufac-
turing process can be obtained, for example, during
purified water and in-process bioburden testing, and
during environmental monitoring (22, 23).

TABLE II
EU Air Classifications

ISO Class
Designation

EU
Grade

Maximum Permitted Number of Particles per Cubic Meter
Equal to or Greater Than the Tabulated Size

Recommended
Limits for
Microbial

Contamination
during

Operationa—
Air Sample

(cfu/m3)

At Rest In Operation

>0.5 �m
particles/m3

>5.0 �m
particles/m3

>0.5 �m
particles/m3

>5.0 �m
particles/m3

4.8b A 3520 20 3520 20 �1

5 at rest 7
in
operation B 3520 29 352,000 2900 10

7 at rest 8
in
operation C 352,000 2900 3,520,000 29,000 100

8 at rest D 3,520,000 29,000 Not defined Not defined 200
aThese are average values.
bISO 4.8 is dictated by the limit for particles �5.0 �m.
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A novel optical spectroscopic technology for the de-
tection, sizing, and quantification of both viable and
nonviable particles in real time is described here. The
researchers present a comparative study of the proto-
type design with conventional viable and nonviable air
sampling systems, and demonstrate that the commer-
cially available system is able to sample in a contin-
uous monitoring mode.

Materials

This study utilized the BioVigilant IMD-A, an optical
spectroscopic technology that simultaneously detects,
sizes, and enumerates both viable and nonviable par-
ticles in real time. The system relies on Mie-scatter-
ing, in which scattered light is concentrated in a for-
ward direction, and the scattered portion of the light is
proportional to the particle size. When airborne parti-
cles are processed through the IMD-A, the system
detects and quantifies particles within a 0.5–15 �m
range. At the same time, a 405-nm laser intersects the
particle beam, and causes particles of biological ori-
gin, such as vegetative bacteria, yeast, and spores to
autofluoresce, due to the presence of cellular NADH,
riboflavin, and dipicolinic acid. Data is acquired in-

stantaneously and the system is capable of analyzing a
single volumetric air sample or operating in a contin-
uous monitoring mode. A full description of the tech-
nology may be found in the Encyclopedia of Rapid
Microbiological Methods (24). A picture of the com-
mercially available IMD-A instrument is shown in
Figure 1, and an example of the data display screen is
shown in Figure 2.

In Figure 2 the peaks at the far right side of the upper
screen show an excursion of viable and nonviable parti-
cles that occurred at 14:35:26. The rolling sample data
(right side numbers) represent the cumulative particle
counts in a user-defined volume of air (e.g., 1 m3) at any
given time during sampling. The average sample data
(left side numbers) represent the average particle counts
for all acquired data (from the start of the monitoring
run) per volume of air. Green boxes represent data that
are within acceptable levels (these have been pre-deter-
mined by the user), yellow boxes correspond to data that
have exceeded alert levels, and red boxes denote data
that have exceeded action levels.

A prototype design of the BioVigilant IMD-A was
used during our comparative studies. The prototype

Figure 1

BioVigilant IMD-A. Air is sampled through the inlet port located on the top of the instrument, and is expelled
through two outlet ports located on the lower side panel. An external laptop computer controls the instrument
using BioVigilant’s PharmaMaster™ control and analysis software. Reprinted with permission from BioVigi-
lant Systems, Inc.
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employed the same Mie-scattering principle and laser
source as the currently available commercial design.
However, the system was rated at an effective airflow
rate of 12 liters of air per minute (LPM). Comparative
testing was performed using an EMD Chemicals Inc.
MAS-100™ (hereinafter referred to as MAS) air sam-
pler (100 LPM) with Tryptic Soy Agar (TSA) for
viable particles and a Climet Instruments Company
CI-450t (hereinafter referred to as CLiMET) airborne
counter (50 LPM) for nonviable particles. Three com-
mercial IMD-A instruments were used (Serial #2, 3,
and 17) during subsequent continuous monitoring
studies conducted in a laboratory environment.

Methods

Environmental monitoring was conducted in a variety
of classified and uncontrolled areas in two separate
facilities. The IMD-A technology platform was still in
development during the time of these studies, so we
chose to initially assess this system in classified areas
(i.e., EU GMP Grade A, B, C, and D of a parenteral
clinical operations facility) that were previously de-

commissioned for use. In each of these areas, high
efficiency particulate air (HEPA) flow and velocity
were operating under normal conditions; however, the
rooms were not routinely disinfected nor was there
restricted access to personnel without appropriate
gowning. For these reasons, we had no preconceived
expectations for the amount of viable or nonviable
particles we would observe in these areas during the
course of the studies. We also evaluated each system
in uncontrolled environments, including a warehouse
and a loading dock that opened to the outside of a
separate facility. All monitoring occurred while the
rooms were in the “at rest” or “static” condition, and
individuals conducting these studies wore appropriate
attire (i.e., gowns, gloves, etc.) in the controlled areas
to minimize the impact of personnel-generated parti-
cles.

The location of sample positions (Table III) was based
on preliminary screening and risk-based mapping
(e.g., as recommended in the FDA Guidance for In-
dustry and EU Annex 1), which took into consideration
the operational knowledge of the area (fixed equip-

Figure 2

BioVigilant IMD-A data display screen. The lower screen represents data that is displayed and refreshed every
1 s. The number of viable particles and total particles are shown in red and yellow, respectively. Data from the
lower screen is transferred (every 1 s) to a continuous time chart of viable particles (shown in red) and
nonviable particles >0.5 �m and >5.0 �m (shown in yellow and blue, respectively) in the upper screen.

249Vol. 63, No. 3, May–June 2009



ment layout personnel flow, equipment and material
flows); areas of possible low airflow or still air (e.g.,
room corners and distal areas from HEPA filters);
difficult-to-access areas for cleaning due to equipment
configuration; and/or proximity of the sample location
to areas where open operations may occur or locations
containing high traffic and/or human activity.

For each monitoring event, all three instruments
(IMD-A, MAS, and CLiMET) were positioned such
that they would sample the same air stream but would
not interfere with the operation of air collection capa-
bilities of the other instruments. When initiating a
sample monitoring event, all three instruments were
started at the same time.

Although the IMD-A is capable of actively monitoring
air in a continuous monitoring mode, we chose to
acquire data on individual, replicate sample volumes
during these studies. The software can be programmed
to sample a volume of air in either cubic feet (ft3) or
cubic meters (m3). The sample size for these studies
was set at 1 m3 of air; the same volume used by the EU
and the FDA to set active air monitoring acceptance
levels (Tables I and II). However, none of the instru-
ments were capable of sampling 1 m3 of air within the
same time period because each system operated under
a different sampling flow rate. The effective air flow
rate for the IMD-A, and stated flow rates for the MAS
and CLiMET was 12 LPM, 100 LPM, and 50 LPM,
respectively. Although the MAS was able to collect 1
m3 of air in 10 min, the other two instruments required
longer running times in order to sample the same 1 m3

volume. If we shut down the MAS when the required
sample of air was obtained but continued to sample on
the other two instruments, inconsistencies could ap-
pear in the final outcome of the study because the
MAS would not have been exposed to the additional
airborne contaminants that may have been present.

Therefore, for the purpose of this study, all three
instruments sampled air for the same time period (10
min), and a conversion factor was applied to the
resulting data that provided a corresponding viable
and total count per 1 m3 of air for the IMD-A and the
CLiMET. The IMD-A unit has an effective flow rate
of 12 LPM. The total effective air sampling volume is
120 L (0.12 m3) for a 10-min sampling time, and a
conversion factor of 8.33 was applied to the mean
data. The CLiMET has a flow rate of 50 LPM. The
total air sampling volume is 500 L (0.5 m3) for a
10-min sampling time, and a conversion factor of 2
was applied to the mean data. Following the collection
of viable particles in the MAS, TSA plates were in-
cubated at 20 –25 °C for a minimum of 72 h, followed
by incubation at 30 –35 °C for a minimum of 48 h. The
resulting CFUs were enumerated.

We utilized a statistical approach to determine the
number of single samples for an appropriate sample
size (N) for each area based on the number of counts
observed from the IMD-A during the time of testing.
The sample size was determined assuming that a dif-
ference of 25% (at most) of the average reading is
considered equivalent and that the sample sizes are the
same for various sampling methods (Table IV). With
these sample sizes there is a 0.8 probability that a true
mean reading difference of at least 25% will be de-
tected and a 0.05 probability of falsely rejecting equiv-
alency.

Data Analysis for Comparative Studies

An equivalence test was used to assess the statistical
and practical equivalence between the population mean
of the IMD-A-generated data and the two conventional
methods. Equivalence testing compares the two popula-
tion means using the following hypotheses structure:

TABLE III
Comparative Study Sample Locations

Grade Area Position Location

A CT6 Filtration area inside clean air projector

B CT5 Outside clean air projector

C CT19 Preparation room

D CT9 Gowning room

Not applicable W1 Warehouse aisle 1

Not applicable W2 Warehouse aisle 2

Not applicable LD1 Center of loading dock
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Null Hypothesis �H0�:

�IMD-A � �MAS � Lower Bound
�IMD-A � �MAS � Upper Bound

Alternative Hypothesis �Ha�:

Lower Bound � �IMD-A � �MAS � Upper Bound

where �IMD-A is the long term average of measure-
ments obtained for the IMD-A, and �MAS is the long
term average of measurements obtained for the MAS.

In this approach, the null hypothesis assumes the two
population means are different by at least a pre-de-
fined threshold amount. If the confidence interval is
entirely within the lower and upper bounds, the two
population means are declared comparable. If the con-
fidence interval is not entirely within the bounds, the
two population means are not declared comparable
and the null hypothesis remains in effect stating that
the two population means are different.

Evaluation of Three Instruments Under Laboratory
Conditions

Three commercially available IMD-A systems (Serial
#2, 3, and 17) were obtained and laboratory studies

were conducted to demonstrate that the instruments
were capable of acquiring data continuously while
sampling HEPA-filtered air and laboratory ambient
air. The three instruments were placed on the same
laboratory work bench during these studies.

To evaluate the systems under HEPA-filtered con-
ditions, a Whatman HEPA-CAP in-line HEPA filter
was attached to the air inlet on each of the IMD-A
instruments (Figure 3). The IMD-A is capable of
sampling and reporting results either in cubic feet or
cubic meters, and because we previously measured
in cubic meters during the comparative studies, we
assessed the functionality of this software option by
sampling continuous cubic feet volumes of air dur-
ing the laboratory studies. Initially, each instrument
was run continuously with the in-line HEPA filter in
place for at least 1 h to completely purge the sam-
pling path of particles that may have been intro-
duced during the vendor’s initial commissioning.
When the level of particles was reduced to an ac-
ceptable baseline, each instrument was then run
continuously until a minimum of 1500 ft3 of HEPA-
filtered air was sampled. Following these sampling
runs, the HEPA filters were removed from the air
inlets and each instrument was run continuously
until at least 5400 ft3 of ambient, laboratory air was
sampled. All of the data was collected and archived
on a laptop computer specific to the IMD-A instru-
ment it was controlling, and the results were re-
ported as the mean particle count (i.e., �0.5 �m,
�5.0 �m, and viable) per ft3 of sampled air.

TABLE IV
Sample Size Based on Recovery Results

IMD-A Counts Sample Size (N)

�5 10

5 9

10 8

15 8

20 7

25 7

30 6

35 6

40 5

45 5

50 5

55 5

60 4

65 4

70 4

�75 2

Figure 3

Location of in-line HEPA filter on the air inlet of an
IMD-A instrument.
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Results and Discussion

Comparative Studies

The data generated during the comparative studies
demonstrated that the BioVigilant IMD-A technology
was capable of detecting, sizing, and enumerating
varying levels of viable and nonviable particles in
each of the monitored environments. Recovered
counts for replicate 1-m3 air samples for the IMD-A,
MAS, and the CLiMET are provided in Table V. The
number of replicates acquired during the study was
based on the IMD-A recovered viable counts at the
time of testing and the guidance in Table IV. The
number of replicates were equal to 10 for sample
location CT6, 4 for sample locations CT5 and CT19,
and 2 for the remaining sample locations. In general,
the data for the IMD-A and the CLiMET followed a
similar trend of increasing counts for both the
�0.5-�m and the �5.0-�m nonviable particles when
sampling progressed from the most controlled area
(Grade A, CT6) to the least controlled area (a loading
dock open to outside the facility, LD1).

The IMD-A detected substantially greater numbers of
�0.5-�m particles at the Grade A location CT6 when
compared with the CLiMET. The reason for this dis-
crepancy is unclear, as the disparity in �0.5-�m par-

ticle counts for the two instruments were not as obvi-
ous in the Grade B, C, or D areas. Additional studies
were not conducted to further investigate these results
because modifications to the prototype were already in
progress for the commercial design. Both the IMD-A
and the CLiMET did not detect any �5.0-�m particles
at the Grade A location CT6; however, the IMD-A
detected greater numbers of �5.0-�m particles for all
other sampling locations. Zero viable particle counts
were observed for both the IMD-A and the MAS when
sampling the Grade A location CT6; however, there
was a trend for the IMD-A to detect significantly
greater numbers of viable particles when monitoring
all other sampling locations, especially those locations
that represented the least controlled environments.
Except in the cases where all readings were zero (0)
(i.e., viable counts at sample point CT6 for the IMD-A
and the MAS, and �5.0-�m nonviable counts at sam-
ple point CT6 for the IMD-A and the CLiMET), the
data was statistically different at the P � 0.2 level (the
data did not discredit the “Non Equivalent” assump-
tion [� � 0.20]). Similar results were recently re-
ported by Bhupathiraju et al. (25) in their evaluation
of the IMD-A and a conventional, agar-based air sam-
pler (Bioscience International SAS) in cleanroom en-
vironments. Bhupathiraju et al. demonstrated that the
IMD-A recovered substantially higher counts than the
conventional method in Grade C, D, and E areas, and

TABLE V
Comparative Summary Data for Total and Viable Particles

Sample

Statistics

Total Particles >0.5
�m per m3

Total Particles >5.0
�m per m3

Viable Particles
per m3

Site Size (N) IMD-Aa CLiMETa IMD-Aa CLiMETa IMD-Aa MAS

CT6 10 Mean 97 0 0 0 0 0

SD 118 1 0 0 0 0

CT5 4 Mean 423 511 115 47 90 0

SD 40 73 8 15 18 0

CT19 4 Mean 213 170 38 16 30 0

SD 182 294 66 27 52 0

CT9 2 Mean 31908 34018 6164 2635 7281 3

SD 10419 12915 1790 1311 989 4

W1 2 Mean 924947 1556302 38760 13800 54645 95

SD 36178 62517 15479 7897 21523 23

W2 2 Mean 960611 1860223 35811 9352 51105 215

SD 19338 131916 5454 3190 6526 29

LD1 2 Mean 1428895 2123134 98998 32711 159249 250

SD 244267 339301 42922 15668 74022 55
aData includes calculation of air flow rate conversion factor for the IMD-A and the CLiMET. SD: standard deviation.
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both the IMD-A and the conventional method detected
no viable counts in a Grade A area (25).

Because the classified areas in our study (CT6, CT5,
CT19, and CT9) were previously decommissioned and
were not maintained to the level of a standard operat-
ing manufacturing facility (e.g., routine disinfection,
restriction of people flow, etc.), it would not be sur-
prising to observe a higher number of viable particles
than normally expected for these types of controlled
environments (i.e., as specified by the EU and FDA).
However, we did observe significantly higher viable
counts for the IMD-A as compared with the MAS in
all areas outside of the Grade A environment. To
better understand the reason or reasons for these dis-
parities, we must comprehend how these monitoring
devices operate and the method by which they detect
viable particles.

The IMD-A and the MAS both use an impaction-type
sampling device to collect airborne particles for anal-
ysis. Impaction is particle motion that results in the
collection or collision of particles at a surface due to
particle inertia. All impactors are based on the same
principle: particles separate from the carrying air by
inertial force (26). In bioaerosol samplers, the inertia
of the airborne particles affects their ability to impact
onto a solid agar medium surface (as would be the case
in the MAS air sampler) or carries them downstream
as a concentrated particle stream in what is known as
a virtual impaction device (as would be the case for
the IMD-A concentrator) (27). How well an impaction
bioaerosol sampler collects airborne microorganisms
is based on that sampler’s impaction, or collection
efficiency, and its particle cut-off size. Collection ef-
ficiency on an object in an airstream can be defined as
(i) the number of particles striking the obstacle di-
vided by the number that would have passed through
the space occupied by it if the object had not been
there (28), or (ii) the fraction of airborne particles of a
certain size that will be removed from the air and
deposited onto the collection medium (20). The cut-off
size of particles (also known as the d50) impacted or
collected is defined as the particle size at which the
collection efficiency is 50%. This is equivalent to
assuming that the mass of particles larger than the
cut-off size that get through the sampler equals the
mass of particles below the cut-off size that are col-
lected by the sampler (26). For the purpose of our
discussion, the smaller the d50, the more efficient the
air sampler is at collecting smaller-sized particles.

A recent study by Yao and Mainelis (19) provides
experimental data on the effective collection efficien-
cies and d50 for seven commercially-available bio-
aerosol samplers, including the MAS-100. Yao and
Mainelis used polystyrene latex particles ranging from
0.5 to 9.8 �m to evaluate the MAS, SMA MicroPort-
able, BioCulture, Microflow, Millipore Air Tester
(MAT), SAS Super 180, and the RCS High Flow
portable samplers. In general, all the tested samplers
demonstrated an effective collection efficiency of 10%
or less for 0.5-�m particles. The effective collection
efficiency for the MAS was above 60% for particles of
2 �m when the agar plate (containing 50 mL agar) was
2.8 mm from the sampling jet, and decreased to 30%
for the same particles when the jet-to-plate distance
was 6.4 mm (using a 30-mL agar plate). When estab-
lishing similar data using 1.0-�m particles, the MAS
effective collection efficiency dropped to below 10%
for both jet-to-plate distances. This is substantially
lower than the experimental collection efficiency
equal to 50% for the IMD-A concentrator using
1.0-�m particles (supplier specification). Next, the
Yao and Mainelis study reports that the experimental
cut-off sizes, or d50, of the investigated samplers
ranged from 1.2 �m for the RCS High Flow, 1.7 �m
for the MAS, 2.1 �m for the SAS Super 180, 2.3 �m
for the MAT, and close to or higher than 5 �m for the
other three samplers. This data can be compared with
the experimental d50 for the IMD-A concentrator,
which is equal to 1.0 �m (supplier specification).
Furthermore, the IMD-A is capable of detecting indi-
vidual viable particles in the range of 0.5–1.0 �m.
This attribute, in addition to the substantially higher
IMD-A concentrator collection efficiency and lower
cut-off (d50) size as compared with the MAS, may
explain why higher microbial counts were observed in
the IMD-A during the present comparative studies.

A follow-up investigation by Yao and Mainelis (20)
assessed the biological performance of the same seven
air samplers by their ability to maintain biological
properties of the collected particles (i.e., the sampler’s
ability to maintain culturability of collected microor-
ganisms). The researchers used bacterial (Pseudomo-
nas fluorescens, Escherichia coli and Bacillus subtilis)
and fungal spores (Cladosprium cladosporioides, As-
pergillus versicolor, and Penicillium melinni) ranging
in size from 0.61 to 3.12 �m in aerodynamic diameter.
The MAS demonstrated effective collection efficien-
cies of approximately 60% when sampling fungal
spores; however, this was reduced to 22% when sam-
pling B. subtilis and E. coli, and was only 10% for P.
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fluorescens. The low collection efficiencies reported in
this study, especially for the MAS, are consistent with
what was previously reported in the Yao and Mainelis
investigation (19) regarding the physical collection
characteristics of these same air samplers. These low
collection efficiencies further support the notion that
the MAS may collect lower numbers of microorgan-
isms, especially individual bacterial cells, when com-
pared with the IMD-A.

A number of publications have also suggested that air
samplers can affect the viability of microorganisms as
a result of the collection process. Yao and Mainelis
(19) implied that stress, such as desiccation and im-
paction, may further reduce the number of culturable
bacteria recovered by air samplers. In an evaluation of
eight bioaerosol samplers challenged with bacterial
aerosols, Jensen et al. (18) concluded that currently
available samplers cannot recover viable airborne par-
ticles without some inactivation or loss during or after
sampling. They also stated that viability loss may
occur in air samplers that create sufficient shearing
force to cause the destruction of some vegetative cells.
Macher and First (17) also suggested that losses in
viability can occur when cells are subjected to the
collecting forces of a sampling device. Finally, in a
study of four aerobiological sampling methods, Butt-
ner and Stetzenbach (29) concluded that long sampling
times and sampling stress may have contributed to an
observed decrease in the viability and recovery of
vegetative bacteria and spores.

Conventional microbiological media may not be opti-
mal for the resuscitation and subsequent growth of
microorganisms that may be present but are environ-
mentally stressed, nutrient-deprived, and/or physically
or chemically damaged. This factor might contribute
to the reduction in recovered microorganisms, espe-
cially when using agar-based air sampling systems.
These microorganisms are considered viable but non-
culturable (VBNC), and a number of researchers have
suggested that growth-based recovery systems provide
an underestimation of the true number of viable or-
ganisms in natural and clinical settings (6 –16). Addi-
tionally, it has been suggested that stressed and VBNC
organisms may be responsible for the underestimation
of airborne cells in environmental monitoring samples
(30, 31).

The concept of VBNC organisms plays an important
role in further explaining why the IMD-A technology
may detect higher numbers of microorganisms when

compared with conventional, growth-based methods,
and why this phenomenon may be enhanced for envi-
ronmentally stressed organisms, for cells exposed to
sanitizing agents, or preservatives (5). The IMD-A
detects microorganisms based on the presence of cel-
lular viability markers (namely, riboflavins, NADH
and dipicolinic acid) and does not rely on the same
microorganisms’ ability to grow on agar media. If we
assume that a proportion of the airborne microorgan-
isms collected during our studies were physically
stressed or in a VBNC state, this could explain why we
observed an increase in microbiological counts in the
IMD-A as compared with the MAS. The detection of
greater numbers of microbial counts (when compared
with growth-based methods) has also been observed
with other viability-based rapid microbiological meth-
ods, such as flow cytometry (32) and solid phase
cytometry (33). In a study comparing the recovery of
airborne microorganisms using the IMD-A and an all
glass impinger (organisms in the glass impinger col-
lection fluid were enumerated in the Chemunex
ScanRDI,� a solid-phase cytometry technology using
a viability stain, and a laser detection system), Bhu-
pathiraju et al. (25) reported almost identical results
when both instruments sampled air from an unclassi-
fied office environment. The same investigators re-
ported that the IMD-A recovered substantially higher
microbial counts when compared with a conventional,
agar-based air sampler (SAS) during the evaluation of
cleanroom environments, further supporting the re-
sults from the present studies.

Evaluation of Three Instruments Under Laboratory
Conditions

The results of the laboratory studies demonstrated the
effectiveness of the IMD-A system to detect, size, and
enumerate both viable and nonviable particles in a
continuous sampling mode. The three instruments pro-
vided similar results when in-line, HEPA-filtered lab-
oratory air was evaluated (Table VI).

A mean count of 1 or 4 particles per cubic foot was
observed for the �0.5-�m nonviable particles, and a
mean count of zero (0) particles per cubic foot was
observed for both the �5.0-�m nonviable particles
and the viable particles. However, over the course of
these continuous monitoring runs, very low levels of
individual counts for both the �5.0-�m nonviable
particles and the viable particles were observed (data
not shown). These results suggest that the in-line
HEPA filter used in these studies may have allowed
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some airborne �5.0-�m nonviable particles and micro-
organisms to pass through the HEPA filter, which were
subsequently detected and counted by the IMD-A in-
struments. This finding is not surprising, given the fact
that the supply air to the in-line filter was uncon-
trolled, and that HEPA filters are depth filters, not
sterilizing filters, with a filtration efficiency of 99.97%
for airborne particles that are 0.3 � in size. Further-
more, the FDA’s Guidance for Industry and the Euro-
pean Commission’s EU Annex 1 allow up to 3520
particles that are �0.5 �m in size per cubic meter, and
EU Annex 1 allows up to 20 particles that are �5.0 �m
in size per cubic meter, in ISO Class 5 or Grade A
aseptic areas. One explanation why we observed low
levels of viable counts during our HEPA-filter studies
is that we detected airborne microorganisms, either as
planktonic, free-floating entities or while attached to a
nonviable particle, that fell within the same size range
of nonviable particles (i.e., 0.5 to 5.0 �m) that we
currently allow to be present in HEPA-filtered envi-
ronments. A second explanation is that the IMD-A
detected the presence of very low levels of VBNC
organisms, as previously discussed. Although it is
unclear whether or not these results can predict what
the IMD-A will detect in actual cleanroom or barrier
isolator environments, this question will be explored

in a separate paper (Part II of these comprehensive
studies).

The three IMD-A instruments were also shown to
detect airborne particles from laboratory (ambient) air
samples, and the results between the three instruments
were similar in observed counts, with the exception of
IMD-A #17 for the �0.5 �m total particle count
(Table VII). This may have been due to variability in
the room air as a result of uncontrolled air patterns
(i.e., air flow, velocity, and location of HVAC panels)
in the laboratory as well as placement of each of the
instruments on the work bench.

Summary

These studies demonstrate that the BioVigilant IMD-A
is capable of simultaneously and instantaneously de-
tecting, sizing, and enumerating both viable and non-
viable particles in a variety of controlled and uncon-
trolled environments. The technology’s ability to
provide real-time data may offer the industry an un-
precedented advantage over growth-based bioaerosol
samplers for monitoring the state of microbiological
control in pharmaceutical manufacturing areas. It has
been well documented that currently available air sam-

TABLE VI
HEPA-Filtered Air Monitoring

IMD-A
Serial

Number
Run

Number
Sampling
Time (h)

Total
Volume

(ft3)

Mean >0.5-�m
Total Particlesa

per ft3

Mean >5.0-�m
Total Particlesa

per ft3

Mean
Viable

Particles
per ft3

2 26 25 1528 1 0 0

3 51 25 1554 4 0 0

17 81 25 1509 1 0 0
aViable and nonviable particles.

TABLE VII
Ambient Laboratory Air Monitoring

IMD-A
Serial

Number
Run

Number
Sampling
Time (h)

Total
Volume

(ft3)

Mean >0.5 �m
Total Particlesa

per ft3

Mean >5.0 �m
Total Particlesa

per ft3

Mean
Viable

Particles
per ft3

2 30 93 5601 1640 25 16

3 59 93 5420 1731 14 16

17 84 93 5509 580 7 17
aViable and nonviable particles.
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plers are limited by their design and operation.
Ljungqvist and Reinmüller reported a 5–10 fold vari-
ability in microorganism recovery among different
microbial air samplers (34). Yao and Mainelis (19)
concluded that the use of most of the bioaerosol sam-
plers they tested may result in a substantial underes-
timation of bacterial concentrations, especially of in-
dividual microbial cells with diameters in the range of
0.5–1.0 �m. They continue to state that it appears that
most of the portable samplers tested would provide
only qualitative data when collecting individual bac-
teria. It is necessary, for this reason, to further develop
more robust bioaerosol samplers with cut-off sizes as
low as 0.5 �m. The BioVigilant IMD-A is capable of
detecting individual viable particles in the range of
0.5–1.0 �m, and this may be one reason why greater
viable counts were observed when compared with a
conventional, growth-based method.

It is understood that the environmental and physical
stresses that airborne microorganisms are exposed to
can contribute to the reduced ability of growth-based
sampling systems to provide a realistic understanding
of the actual microbial load that may be present during
active air monitoring. Culture methods assume that the
organisms will grow and produce classical character-
istics within a specified period; however, this period
can take several days or weeks to perform. Therefore,
rapid, accurate means to monitor airborne microorgan-
isms are needed to overcome the constraints encoun-
tered with traditional culture-based methods (15). Fi-
nally, the desire to implement a continuous, viable
particle monitoring platform is important if we want to
establish a more robust method for trending environ-
mental data, improve our product and process under-
standing, and move toward a continuous improvement
model for microbiological control during pharmaceu-
tical manufacturing (35, 36).

Over 15 years ago, Buttner and Stetzenbach (37)
stated that a single air sample at a single location at a
discrete point in time may have limited value when the
concentration of viable airborne microorganisms is
assessed with currently available samplers due to the
instruments’ lack of repeatability and sensitivity. The
current studies have demonstrated that the BioVigilant
IMD-A can detect viable and nonviable particles in a
continuous sampling mode. The use of this technology
as a real-time environmental monitoring platform for
barrier isolator environments will be explored in Part
II of this comprehensive evaluation.

References

1. United States Pharmacopeia, USP 31-NF26. Gen-
eral Information Chapter �1116� Microbiological
Evaluation of Cleanrooms and Other Controlled
Environments. U.S. Pharmacopeial Convention:
Rockville, MD, 2009.

2. Food and Drug Administration (FDA). Guid-
ance for Industry: Sterile Drug Products Pro-
duced by Aseptic Processing—Current Good
Manufacturing Practice; U.S. Department of
Health and Human Services, FDA: Rockville,
2004. Available at http://www.fda.gov/cber/
gdlns/steraseptic.pdf.

3. European Commission. EU Guidelines to Good
Manufacturing Practice, Annex 1. Manufacture of
Sterile Medicinal Products; EudraLex, European
Union: Brussels, Belgium, 2008. Available at http://
ec.europa.eu/enterprise/pharmaceuticals/eudralex/
vol-4/pdfs-en/2008_02_12_gmp_annex1.pdf.

4. Environmental Monitoring, A Comprehensive
Handbook; Moldenhauer, J., Ed.; DHI Publish-
ing: River Grove, IL and Parenteral Drug As-
sociation (PDA): Bethesda, MD, 2007; Vol. 1
and 2.

5. Miller, M. J. Rapid Microbiological Methods. In
Microbiology in Pharmaceutical Manufacturing,;
Prince, R., Ed.; DHI Publishing: River Grove, IL
and PDA: Bethesda, MD, 2008; Vol. 2, pp 171–
221.

6. Roszak, D. B.; Colwell, R. R. Survival strategies
of bacteria in the natural environment. Microbiol.
Rev. 1987, 51, 365–379.

7. Colwell, R. R.; Brayton, P. R.; Grimes, D. J.;
Roszak, D. B.; Huq, S. A.; Palmer, L. M. Viable
but non-culturable Vibrio cholerae and related
pathogens in the environment: implications for
release of genetically engineered microorganisms.
Biotechnol. 1985, 3, 817– 820.

8. Colwell, R. R.; Brayton, P.; Herrington, D.; Tall,
B.; Huq, A.; Levine, M. M. Viable but non-cul-
turable Vibrio cholerae 01 revert to a cultivable
state in the human intestine. World J. Microbiol.
Biotechnol. 1996, 12, 28 –31.

256 PDA Journal of Pharmaceutical Science and Technology



9. Nagarkar, P. P.; Ravetkar, S. D.; Watve, M. G.
Oligophilic bacteria as tools to monitor aseptic
pharmaceutical production units. App. Env. Mi-
crobiol. 2001, 67, 1371–1374.

10. Williams, R. H.; Ward, E.; McCartney, H. A.
Methods for integrated air sampling and DNA
analysis for detection of airborne fungal spores.
App. Env. Microbiol. 2001, 67, 2453–2459.

11. Radosevich, J. L.; Wilson, W. J.; Shinn, J. H.;
DeSantis, T. Z.; Andersen, G. L. Development of
a high-volume aerosol collection system for the
identification of air-borne micro-organisms. Soc.
App. Microbiol. 2002, 34, 162–167.

12. Amann, R. I.; Ludwig, W.; Schleifer, K. H. Phy-
logenetic identification and in situ detection of
individual microbial cells without cultivation. Mi-
crobiol. Rev. 1995, 59, 143–169.

13. Hugenholtz, P.; Goebel, B. M.; Pace, N. R. Impact
of culture-independent studies on the emerging
phylogenetic view of bacterial diversity. J. Bac-
teriol. 1998, 180, 4765– 4774.

14. Hussong, D.; Colwell, R. R.; O’Brien, M.; Weiss,
E.; Pearson, A. D.; Weiner, R. M.; Burge, W. D.
Viable Legionella pneumophila not detectable by
culture on agar media. Biotechnol. 1987, 5, 947–
950.

15. Alvarez, A. J.; Buttner, M. P.; Stetzenbach, L. D.
PCR for bioaerosol monitoring: sensitivity and
environmental interference. App. Env. Microbiol.
1995, 61, 3639 –3644.

16. Bhupathiraju, V. K.; Hernandez, M.; Krauter, P.;
Alvarez-Cohen, L. A new direct microscopy-
based method for evaluating in-situ bioremedia-
tion. J. Hazard. Mat. 1999, 67, 299 –312.

17. Macher, J. M.; First, M. W. Reuter centrifugal air
sampler: measurement of effective airflow rate
and collection efficiency. App. Env. Microbiol.
1983, 45, 1960 –1962.

18. Jensen, P. A.; Todd, W. F.; Davis, G. N.;
Scarpino, P. V. Evaluation of eight bioaerosol
samplers challenged with aerosols of free bacte-
ria. Am. Ind. Hyg. Assoc. J. 1992, 53, 660 – 667.

19. Yao, M.; Mainelis, G. Investigation of cut-off
sizes and collection efficiencies of portable mi-
crobial samplers. Aerosol Sci. Technol. 2006, 40,
595– 606.

20. Yao, M.; Mainelis, G. Use of portable microbial
samplers for estimating inhalation exposure to
viable biological agents. J. Exposure Sci. Environ.
Epidemiol. 2007, 17, 31–38.

21. Miller, M. J. Rapid microbiological methods and
FDA’s initiatives for process analytical technol-
ogy and pharmaceutical cGMPs for the 21st cen-
tury: a risk-based approach. Am. Pharm. Rev.
2005, 8, 104 –107.

22. Miller, M. J. Rapid microbiological methods for a
new generation. Pharm. Manufac. 2006, 5, 14 –
23.

23. Miller, M. J. The Impact of Process Analytical
Technology (PAT), cGMPs for the 21st Century
and Other Regulatory and Compendial Initiatives
on the Implementation of Rapid Microbiological
Methods. In Encyclopedia of Rapid Microbiolog-
ical Methods—Volume 1; Miller, M. J., Ed.; DHI
Publishing: River Grove, IL and PDA: Bethesda:
PDA, 2005; pp 195–215.

24. Jiang, J. P. Instantaneous Microbial Detection Us-
ing Optical Spectroscopy. In Encyclopedia of
Rapid Microbiological Methods—Volume 3;
Miller, M. J., Ed. DHI Publishing: River Grove,
IL and PDA: Bethesda, MD, 2005; pp 121–141.

25. Bhupathiraju, V. K.; Varnau, B.; Nelson, J. R.;
Jiang, J. P.; Bolotin, C. Evaluation of an instan-
taneous microbial detection system in controlled
and cleanroom environments. BioPharm Int.
2007, 20, 35– 46.

26. Zhang, Y. Indoor Air Quality Engineering. CRC
Press: Boca Raton, FL, 2004.

27. Juozaitis, A.; Willeke, K.; Grinshpun, S. A.; Don-
nelly, J. Impaction onto a glass slide or agar
versus impingement into a liquid for the collec-
tion and recovery of airborne microorganisms.
App. Env. Microbiol. 1994, 60, 861– 870.

28. Jones, H. G. Plants and Microclimate. A Quanti-
tative Approach to Environmental Plant Physiol-

257Vol. 63, No. 3, May–June 2009



ogy; Cambridge University Press: Cambridge,
UK, 1992.

29. Buttner, M. P.; Stetzenbach, L. D. Evaluation of
four aerobiological sampling methods for the re-
trieval of aerosolized Pseudomonas syringac.
App. Env. Microbiol. 1991, 57, 1268 –1270.

30. Fierer, N.; Liu, Z.; Rodrı́guez-Hernández, M.;
Knight, R.; Henn, M.; Hernandez, M. T. Short-
term temporal variability in airborne bacterial and
fungal populations. App. Env. Microbiol. 2008,
74, 200 –207.

31. Heidelberg, J. F.; Shahamat, M.; Levin, M.; Rah-
man, I.; Stelma, G.; Grim, C.; Colwell, R. R.
Effect of aerosolization on culturability and via-
bility of Gram-negative bacteria. App. Env. Mi-
crobiol. 1997, 63, 3585–3588.

32. Homesley, P. H. The RBD 3000 Rapid Bacterial
Enumeration System as an Alternative to Tra-
ditional Pour Plate Enumeration. In Encyclope-
dia of Rapid Microbiological Methods—Volume
2; Miller, M. J., Ed.; DHI Publishing: River
Grove, IL and PDA: Bethesda, MD, 2005; pp
417– 435.

33. McCormick, P. J.; Norton, S. E.; Costanzo, S. P.
Validation of the ScanRDI for Purified Water

Testing. In Encyclopedia of Rapid Microbiologi-
cal Methods—Volume 2; Miller, M. J., Ed.; DHI
Publishing: River Grove, IL and PDA: Bethesda,
MD, 2005; pp 317–338.

34. Ljungqvist, B.; Reinmüller, B. Airborne viable
particles and total number of airborne particles:
Comparative studies of active air sampling. PDA
J. Pharm. Sci. Techol. 2000, 54 (2), 112–116.

35. Miller, M. J. Evaluation of a continuous and in-
stantaneous viable and nonviable environmental
monitoring technology based on optical spectros-
copy. 2008 PDA Annual Meeting—Science
Driven Manufacturing: The Application of
Emerging Technologies. Colorado Springs, CO;
April 15, 2008.

36. Miller, M. J. Continuous and instantaneous viable
and nonviable air monitoring using optical spec-
troscopy. ISPE 17th Annual Barrier Isolation
Technology Forum: Innovation Updates and New
Case Studies. Washington, DC; June 4, 2008.

37. Buttner, M. P.; Stetzenbach, L. D. Monitoring
airborne fungal spores in an experimental indoor
environment to evaluate sampling methods and
the effects of human activity on air sampling. App.
Env. Microbiol. 1993, 59, 219 –226.

258 PDA Journal of Pharmaceutical Science and Technology


