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he integrity of pharmaceutical and nutritional packaging is typically assessed by its ability to withstand microbial challenge tests (1). These tests simulate worstcase scenarios that may be encountered during filling,
shelf life, transport, and dispensing. There are two common
microbial challenge methods: immersion and aerosol. In immersion tests, the critical surfaces of the package are placed
into direct contact with a microbial broth containing test
microorganisms (2). In aerosol tests, the package is exposed
to aerosolized test microorganisms (3–5). Immersion tests, in
which the microorganisms are certain to be in direct contact
with the container, are considered more stringent than aerosol tests for three main reasons:
• The immersion bioburden is measured in colony-forming
units per mL (CFU/mL), while the aerosol test bioburden
is measured in CFU/m, a 10 lower concentration.
• Immersion test results are obtained in which the object
or surface being tested is in direct contact with the challenge microorganism suspended in the liquid medium.
• In an aerosol test, the duration of exposure to a maintained aerosol concentration determines the number of
challenge particles settled onto the critical surfaces.
Until a complete closure has been accomplished, packaging technologies are unlikely to pass an immersion test as
described in Parenteral Drug Association (PDA) Technical
Report (TR) 27, sections 6.2 and 8.6 (2). Immersion tests, by
design, simulate worst-case scenarios far outside of those
provided while processing under FDA good manufacturing
practice (GMP) conditions (6).
Albeit less stringent than an immersion test, aerosol challenges are increasingly more popular because they correlate
directly to real-life situations experienced by sterile packages
and devices during filling, storage, transport, and point-ofuse. Aerosol tests can be designed to simulate specific scenarios of non-classified atmospheres (4, 5). Several such
aerosol case studies have been described in literature (4, 7).
However, current guidelines for aerosol testing of package
integrity as described in PDA-TR 27 (sections 6.3 and 8.7)
do not allow for standardized and comparative data analy-
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Pharmaceutical and nutritional package integrity
is often studied by incidental contamination, via
immersion or aerosol microbiological challenge
tests. Aerosol tests rely upon microorganisms
settling from the atmosphere onto critical
surfaces. Maintenance of a contaminated
atmosphere is necessary to create the conditions
that will cause a constant settling rate of the test
microorganisms. Both parameters—maintenance
of bioburden and duration of exposure—have
to be monitored and controlled. It is important
to understand the limitations of aerosol tests
where the microbial contamination conditions
are not maintained over the duration of the test.
The following study describes a methodology
to establish, control, and characterize an
aerosolized bioburden within a test chamber
and determine the settling rate of the bioburden.
The intention of this paper is to stimulate the
necessary discussion for the establishment
of the standard criteria for all aerosol tests to
generate comparable and reproducible data.

Figure 1: Aerosol chamber, 183 cm x 84 cm x 76 cm
(length x width x height), 1.168 m3 volume.

sis. Aerosol testing relies upon microorganisms settling from
the atmosphere onto the critical surfaces being tested (3–5).
Therefore, the rate at which test microorganisms settle onto
surfaces has to be determined for the test setup.
An initially established and continuously maintained
level of contamination in the test environment is required
to determine the duration of exposure that results in a predictable bioburden accumulation on the surface to be tested.
Bioburden accumulated on these surfaces as a function of
the duration of exposure should be the common denominator in aerosol challenge tests. In this study, bioburden was
measured after different periods of exposure to establish a
correlation between aerosolized bioburden and accumulated surface bioburden for a specific aerosol challenge test.
This correlation can be used to determine the duration of
exposure in a controlled aerosol chamber, which will provide comparable and reproducible tests conditions for the
test items.
In this article, the authors describe a methodology to establish and control an aerosolized bioburden within a test
chamber. The key test parameters to be measured were identified and the accumulation of bioburden on surfaces tested
inside the test chamber was studied as a function of time.
This article also seeks to initiate the necessary efforts for
the standardization of meaningful duration of exposure in
aerosol challenge tests. Finally, this method can also be used
as a risk-analysis tool for exposed surfaces of filling systems,
closures, connectors, and devices that are dependent on the
air quality of the surrounding environment.

The chamber (see Figure 1) consists of Plexiglas glued into
an aluminum T-slotted frame box with four pairs of polyurethane gloves, two nebulizers (one at each end of the chamber),
programmable electrical outlet, three internal mixing fans,
access door, air sampler, and air sample strips. The chamber
is vented to the building exterior.
Black neoprene, 1.5-mm thick gloves that are chemical, oil,
and ozone resistant were used.
Two DeVilbiss PulmoNeb LT nebulizers with a nebulization rate of 0.24 mL/min were used to aerosolize the test
microorganism strains from the nebulizer stock and deliver
them into the chamber. One nebulizer was located at each
end of the chamber. The nebulizers conform to Healthcare
Common Procedure Coding System Code E0570—Nebulizer:
• Operating temperature range: +40 °F to +104 °F (+5 °C
to +40 °C)
• Operating humidity: up to 95% non-condensing
• Supplied nebulizer capacity: >10cc
• Supplied nebulizer nebulization rate: 0.24 mL/min
• Supplied nebulizer mass median aerodynamic diameter:
2.7 micron.
The nebulizer stock consisted of a phosphate buffered saline (PBS) stock that was made fresh overnight using test
microorganisms culture, concentrated at 2-Logs (CFU/mL)
above (100x) the desired chamber bioburden in CFU/m.
The formulation of the PBS stock solution (pH 7.2) is used
in food, dairy, and pharmaceutical testing as referenced in
AOAC International, American Public Health Association,
FDA, US Department of Agriculture, and US Pharmacopeia
test methods.
A programmable unit (VWR traceable time switch controller) was used to control the duration of nebulizer bursts
of microorganisms and ensure the maintenance of the desired bioburden throughout the duration of the test.
Three Massey four-inch high-velocity desk fans, one at
each end of the chamber above the nebulizers and the third
in the center of the chamber, maintained a mixture of the
aerosolized microorganisms.
Operated according to the manufacturer’s instructions,
the air sampler (RCS HYCON) assessed the microbial population within the chamber. The total count agar (TCA) strips
were incubated at 30–37 °C for the appropriate period of time
(24–48 hours). Enumeration of these TCA strips confirmed
that the target bioburden was maintained throughout the test.
A thermometer with clock and humidity monitor
(VWR, 62344-734) was used to monitor the ambient temperature, humidity, and time.
At the completion of the test, the chamber was decontaminated by manual wiping with 70% isopropyl alcohol.

Materials and equipment
The materials and equipment were specially designed to
achieve and maintain the desired aerosolized bioburden level.
Equivalent material and equipment can be used if the key
operational features are maintained or the methods adapted
to achieve and maintain the desired aerosolized bio-burden.
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Procedures
Achieving and maintaining the desired aerosol bioburden. The contaminated environment in an aerosol challenge test needs to
be contained in a defined chamber and made uniform by air
circulation. The primary construction materials (acrylics,
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polyvinyl chloride, Plexiglas, etc.) of many aerosol chambers
are prone to bacterial adhesion especially with fans pushing
test microorganisms against these surfaces. When air samples
are taken after setting a defined bioburden (CFU/m) inside
an aerosol chamber, enumeration counts will decrease at a rate
governed by the chamber materials, internal objects, fan speed,
nebulization rate, and settling rate of the microorganisms.
Unlike the immersion test, the aerosolized bioburden in the
chamber is dynamic, constantly settling, and thus diminishing in the chamber over time. To maintain a constant aerosol
challenge level, the aerosolized bioburden must be periodically
replenished with test microorganisms (Figure 2).
Several means were evaluated to achieve and maintain the
desired aerosol bioburden inside the chamber. These measures included using a variety of microorganisms, chamber
management, and data capture and report.
Microorganisms. The choice of microorganisms is a compromise between relevant species for the intended product,
product storage conditions, and resilience of the bacterial
species to aerosolizing procedures. It was acknowledged that
a single bacterial strain would not suffice to fulfill all the
selection criteria. Three test microorganisms were evaluated
and the rationale for their inclusion in the proposed challenge test has been outlined:
• Bacillus subtilis ATCC# 6633, a common sporeforming
test microorganism
• Enterobacter aerogenes ATCC#13048, a broad spectrum
substrate and motile test microorganism (Serratia marcescens is a possible substitute)
• Brevindumonas diminuta ATCC#19146, an extremely
small (0.31 um) test microorganism.
The challenge microorganisms were grown under optimal
media/conditions (usually trypticase soy broth), 30 °C, aeration by shaking) overnight (approximately 16 hours) prior to
the test (see ATCC for additional information specific to each
microorganism). On the day of the test, a fresh culture was
diluted in PBS to create the nebulizer stock suspension. The
stock suspension was concentrated to 2-Logs above (100x)
the desired chamber bio-burden (see Table I).
The stock suspension was enumerated by serial dilution on
trypticase soy agar (TSA) plates to confirm the population.
Chamber management. The test chamber and its components were checked for integrity before every aerosol test.
The major components of the test chamber included:
• Neoprene gloves
• Nebulizers (filled with stock suspension)
• Programmable outlet
• Mixing Fans
• Air samplers and total count (TC) agar strips.
Using the nebulizers, programmable outlet, and fans, the
microbial content of the chamber was elevated and maintained at the desired challenge level (Log [CFU/m]) as described in the following and depicted in Figure 3. The nebulizers were maintained active during the charging phase (i.e., the
first 20 minutes in the aerosol chamber as described). Once

Figure 2: Bioburden dynamics and fate inside the aerosol
chamber.

Table I: Nebulizer stock and target chamber bioburden.
Nebulizer stock log (CFU/mL)

Chamber bioburden
(After charging and during
maintennace)
log (CFU/m3)

8

6

7

5

6

4

5

3

4

2

3

1

CFU is colony-forming units.

the target bioburden concentration was reached, both nebulizers were inactived for a five-minute period. After the minute “off” period, both nebulizers were activated again. The
“on” and “off” cycle was repeated for the duration of the test.
The recorded data should be included in the final report
(photos, tables, and graphs are recommended to support the
data), including: stock suspension enumeration; room conditions (temperature, room humidity, and duration of test);
air sampling times and populations; specific test characteristics; and exposure time. Appropriate negative and positive
controls are used to confirm validity of the microbial tests.
Data capture and report. Periodic air sampling was performed using the RCS HYCON air sampler. The agar strips
were incubated at optimal conditions for the test microorganisms. The bioburden was enumerated using the formula
provided by the manufacturer (Figure 4):
Aerosol bioburden maintenance. Using the steps described in
the previous section, the chamber was charged and maintained at the target microbial levels for the duration of the
test period (Table II).
During the tests, periodic air samples were taken to assess
the aerosolized bioburden level inside the chamber.
Aerosol bioburden decay. Using the steps described, the
chamber was initially charged to the target concentration,
but not maintained at that level. Then, the aerosolized bioPharmaceutical Technology
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Figure 3: Nebulizers “on” and “off” cycle.

Figure 4: Bioburden calculation using RCS HYCON, BioTest air
sampler. CFU is colony-forming units.

Aerosol bioburden and surface bioburden accumulation. Using
the steps described, the chamber was charged and maintained at different microbial population levels ranging from
1-Log (CFU/m) to 7-Log (CFU/m).
The following steps were taken to capture the settling of
the bacterial population onto TSA plates. A total of six plates
were distributed along the base of the chamber. Three air
samples were obtained for each test condition (Table IV).
After each air sample, two settling plates (for a total of
six) were exposed to the aerosolized bioburden for a predetermined time period (Table V). Surface enumerations and
aerosol samples were correlated to study their relationship
within the chamber.

Results and discussion

Table II: Aerosol bioburden maintenance test conditions.
Aerosol bioburden maintenance
Test #

Target log
(CFU/m3)

Charge
(minutes)

Test aprox.
duration
(minutes)

Nebulizer stock
enumerations
log (CFU/ml)

6 to 7

20

60

8.77

1
2

6 to 7

20

60

8.78

3

6 to 7

20

60

8.60

4

3 to 4

20

70

5.74

5

3 to 4

20

50

5.78

6

3 to 4

20

520

5.74

7

3 to 4

20

520

5.97

CFU is colony-forming units.

Table III: Aerosol bioburden decay test conditions.
Aerosol decay
Test #

Target starting log
(CFU/m3)

Test aprox.
duration
(minutes)

8

6 to 7

100

9

3 to 4

60

10

6 to 7

90

CFU is colony-forming units.

burden was allowed to settle (Table III). During these studies,
periodic air samples were taken (as described previously) to
monitor the internal bioburden level.
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Aerosol bioburden maintenance. Following the procedure described, the air sampling results were plotted against time
(Figure 5 and Figure 6).
After the initial charging period of 20 minutes, the aerosolized bioburden inside the chamber was maintained with
periodic bursts of nebulized microorganisms. The aerosolized bioburden can be maintained over periods ranging from
a few minutes (Figure 5) to several hours (Figure 6). The results
obtained confirm that the method described allows for the
establishment, maintenance, and control of a homogenous
aerosolized bioburden. Also, a stable bioburden level can be
maintained for several hours.
The rationale for continuous bioburden maintenance
is that aerosolized microorganisms (and particles) settle
on available surfaces over time, decreasing the number of
microorganisms present in the environment and lowering
the aerosol bioburden over time. The programmed bursts of
nebulized bioburden replenish the environment, hence, maintaining the bioburden level over time as shown in Figure 5 and
Figure 6. Without replenishment, the aerosol bioburden will
result in a decay of aerosol population.
Aerosol bioburden decay. To determine the bioburden decay
in the chamber without aerosol maintenance bursts, the
chamber was initially charged, but the aerosol bioburden
was not maintained with subsequent microbial injection. The
air sampling population results were plotted against time
(Figure 7).
After an initial charging period of 20 minutes, the aerosolized bioburden level inside the chamber reached the
target concentration and then decayed over time when it is
not maintained with periodic nebulized bursts. The results
shown in Figure 7 confirm that without maintenance bursts,
the aerosol bioburden decays with time, which will impact
the total settling population available during the studied
period. Therefore, maintaining the aerosolized bioburden
as shown in Figure 5 and Figure 6 provides conditions for constant settling of the bioburden. A constant settling rate will
enable the comparison and reproducibility of aerosol microbial challenge tests. Figure 8 describes the proposed steps in a
constant aerosolized microbial challenge test.

Aerosol bioburden and surface bioburden accumulation. To study
the bioburden accumulation onto surfaces exposed to aerosol
bioburden populations, the chamber was charged and maintained following the steps described previously. The results
of a series of experiments are shown in Table VI, and the data
indicates a linear relationship between aerosol bioburden
and surface bioburden accumulation over time (Figure 9).
The observed results confirm, as expected, that the level
of aerosolized bioburden determines the surface bioburden
accumulation over time of exposure (Table VI and Figure 9).
Thus, a higher aerosol bioburden population will accumulate
a higher surface bioburden per unit time. This is a settling
rate of colony forming units per meter square per minute
(CFU/[m min]), and it remains constant as long as the aerosol bioburden is maintained constant (Figure 2). Thus, in an
unmaintained aerosol bioburden scenario, the settling rate
will decrease over time as the aerosolized bioburden is depleted and eventually exhausted (Figure 7).
The surface bioburden accumulation in a maintained
aerosolized environment can be estimated using this constant settling rate (Figure 9). The bioburden accumulated on
the surfaces essentially reaches a constant level over time
(Figure 10) associated with the maintained aerosolized population. This minimum time of exposure should be used to
carry out meaningful and reproducible aerosol challenge
tests after all sample units have been exposed to similar
conditions.
A constant settling rate allows the prediction of surface
bioburden by using the correlation formula (Equation 1) obtained from the aerosol to surface bioburden accumulation
(Figure 9) for the aerosol chamber:
y = 1.037x - 1.3055 (R2 = 0.9997)
[Eq. 1]
where: x is the logarithm of the aerosol bioburden in
CFU/m and y is the logarithm of the surface bioburden in
CFU/m after one minute of exposure.
This formula can be used in risk assessment for tests carried out inside the chamber when the aerosolized bioburden
is maintained as described. A similar approach has been previously studied when calculating the likelihood of airborne
contamination in controlled classified or non-classified environments (8).
Similarly, an example of a controlled non-classified environment less than ISO 8 was studied. In this example, the
measured aerosol bioburden was close to 3-Log (CFU/m).
Using Equation 2:

Table IV: Air sampling for each test.
Aerosol enumerations
Test #
Target log (CFU/m3)

Volume
sampled (L)

1

6 to 7

1

2

6 to 7

1

3

5 to 6

2

4

4 to 5

2

5

4 to 5

5

6

4 to 5

10

7

3 to 4

50

8

2 to 3

100

9

2 to 3

100

10

1 to 2

1000

CFU is colony-forming units.

Table V: Settling plate exposure for each test.
Aerosol
enumerations

Surface
enumerations

Target log (CFU/m3)

Plate exposure time
(minutes)

1

6 to 7

0.17

2

6 to 7

0.17

3

5 to 6

2

4

4 to 5

2

5

4 to 5

8

6

4 to 5

10

7

3 to 4

16

8

2 to 3

120

9

2 to 3

120

10

1 to 2

300

Test #

CFU is colony-forming units.

Figure 5: Aerosol bioburden maintenance. Results are shown
for Test #1 through Test #5. Also depicted are the initial charge
and the maintenance period with the periodic nebulizer bursts.
CFU is colony-forming units.

y = 1.037x - 1.3055
3 = 1.037x - 1.3055
x = (3 – 1.3055)/1.037
x = 1.63←Log (CFU/m)/minute
[Eq. 2]
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Figure 6: Aerosol bioburden maintenance. Results are shown
for Test #6 and Test #7. Also depicted are the initial charge and
the maintenance period with the periodic nebulizer bursts. CFU
is colony-forming units.

Figure 8: Proposed steps in an aerosol microbiological
challenge test. Step-P: pre-test activities. Step 1: charge,
to elevate the chamber bioburden to test levels using the
programmable nebulizers. Step 2: maintenance of bioburden
using the programmable nebulizers for successive tests. Step
3, Step 4, and Step N: exposure time during the maintenance
(Step 2) for test units or test groups; the exposure time of
15 to 60 minutes is suggested considering the settling rates
calculated below (see Table VI).

After one minute of exposure, there is an accumulated surface bioburden of 1.63-Log (CFU/m) or about 43 CFU/m. If
the critical surface of the neck opening of an unsealed 2-mL
vial is 0.64 cm, then the accumulated bioburden into that
opening per minute is approximately 0.003 CFU. This implies a risk of three contaminated vials every 1000 exposed
vials to a 3-Log (CFU/m) environment for one minute.
If the level of aerosolized bioburden is increased to
4-Log (CFU/m), the risk per minute of exposure increases
to three contaminated vials every 100 exposed vials. If the
analysis is done on a typical 250-mL bottle with a neck
opening of 6.33 cm, the risk of contamination increases to
three contaminated vials every 10 exposed vials in a 4-Log
(CFU/m) environment.
The actual risk numbers are dependent on the chamber
and procedures described, but the risk analysis can easily
be correlated and used independent of the test chamber, as
stated in the literature (8). From this analysis, it is evident
50
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Figure 7: Aerosol bioburden decay. Results are shown for Test
#8 through Test #10. Also depicted are the initial charge and
the decay period. CFU is colony-forming units.

that the major governing parameters are the critical surface area and the time of exposure, as the environment of
concern is either a set bioburden during a challenge test
or refers to the low bioburden controlled, maintained, and
monitored in classified environments. Thus, as stated in
other studies, to minimize the risks of contamination, both
critical surfaces and exposure time have to be minimized (8).
In the manufacture of sterile products, aseptic technologies strive to control the two major risk factors in different
ways (6). The vast majority of aseptic processing technologies operate in classified environments (i.e., ISO 5), where
the expected aerosol bioburden is kept low by sophisticated
means. High-speed filling operations are often used to
minimize critical surfaces exposure time (6). Other technology approaches have engineered the reduction of the
critical surfaces to be independent from time of exposure,
and therefore, independent of classified environments (9).

Conclusion
A 15-minute minimum duration of exposure within an established and maintained aerosol chamber has been shown
to be the critical parameter needed for aerosol-based microbial challenge tests to be comparable. For example, in a
maintained 6-Log (CFU/m) aerosol chamber, the bioburden on the surface tested varies by a factor of 10, between
two minutes and 10 minutes of exposure.
The procedure described proposes a method for standardization and reproducibility of aerosol microbial
challenge tests that allow for reproducible comparisons of
performances and safety level between different devices,
filling equipment, background environments, control procedures, or aseptic processing technologies.
The constant settling rate that leads to increasing bioburden accumulation on critical surfaces can be used to determine a duration threshold for a discriminative aerosol chal-

Table VI: Aerosol bioburden and surface bioburden accumulation.
Aerosol enumerations
Test#

Surface bioburden
accumulation per minute

Surface enumerations

Volume
sampled

Average
colonies per
strip

Log
(CFU/m3)

Exposure time
(minutes)

Average
colonies per
plate

CFU/m2

Log
(CFU/m2)

1

3890.45

6.59

0.17

467.08

350000.00

5.54

1
2

1

1000.00

6.00

0.17

110.11

82508.75

4.92

3

2

240.45

5.08

2

133.45

8500.00

3.93

4

2

144.89

4.86

2

80.07

5100.00

3.71

5

5

125.59

4.40

8

125.60

2000.00

3.30

6

10

100.00

4.00

10

54.62

695.82

2.84

7

50

50.00

3.00

16

8.03

63.90

1.81

8

100

19.95

2.30

120

11.31

12.01

1.08

9

100

10.00

2.00

120

5.53

5.87

0.77

10

1000

18.15

1.26

300

2.36

1.00

0.00

CFU is colony-forming units.

Figure 9: Aerosol bioburden and surface bioburden
accumulation. Settling plates were exposed inside the aerosol
chamber charged and maintained to different aerosolized
bioburden levels. CFU is colony-forming units.

lenge test. The standardization of aerosol tests is a necessity
for the “x” Log proof claims to be meaningful and comparable.
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