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Abstract

The aim of this study was to quantify microbiologi-
cally the operator protection factor (OPF) and measure
the extent of cross-contamination provided by a new
Advisory Committee on Dangerous Pathogens (ACDP)
containment level 4 cabinet line system (glove box line).
To accomplish this goal, the cabinet line was filled with
microbial tracer aerosol, and microbial air samplers
were used to detect any release of microbial tracer,
both inside and outside the cabinet line when proce-
dures were carried out. These procedures mimicked
normal working conditions and realistic accident sce-
narios. The operator protection factors (OPFs) and inter-
nal cross-contamination ratios were calculated.

The cabinet line gave OPFs of between >10¢ and
>107 in all tests. No cross-contamination was detected
when internal doors remained closed between the indi-
vidual cabinets and the spine. However, low levels of
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microbial tracer were detected moving from the con-
taminated cabinet to the spine but not to other individ-
ual cabinets when cabinet doors were opened.

These experiments demonstrated that the cabinet
line provides a high level of protection for the operator
and that multi-agents can be manipulated simultane-
ously within the cabinet line without cross-
contamination. In addition, data have been produced,
within a large primary containment system, from which
informed risk assessments and procedures can be
written. Such data provide a basis with which to com-
pare primary containment with alternative ways of
working with dangerous pathogens, such as positive
pressure-suited systems.
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Introduction

A new microbiological containment building has
been built at the Defence Science and Technology Labo-
ratories (Dstl), Porton Down, which houses 12 Advisory
Committee on Dangerous Pathogens (ACDP) contain-
ment level 3 laboratories (CL3), 8 CL3 animal laborato-
ries, 2 containment level 4 laboratories (CL4), and 2 CL4
animal laboratories. The CL4 laboratories are configured
such that work can be undertaken in either positive pres-
sure-suited or primary containment (cabinet line) mode.
ACDP CIL4 is the United Kingdom equivalent to Bio-
safety Level 4 (BSL4) in the United States.

A new cabinet line was installed and commissioned
within a CL4 laboratory (Figures 1-4). This cabinet line
includes an L-shaped spine linking a dunk tank and auto-
clave (at opposite ends). Eight Class 3 microbiological
safety cabinets (MSC) are attached to the spine. A refrig-
erator and two incubators are also integrated into the
spine. Materials can be introduced and removed through
a dunk tank containing an appropriate disinfectant at one
end of the spine, and the cabinets are designed to be in-
dependently disinfected using formaldehyde. The cabinet
line terminates in an interlocked, double-ended autoclave
for the safe removal of waste. The spine of the cabinet
line extends to and incorporates the area enclosing the
toxic side of the autoclave.

Air is routed independently through both spine and
MSCs and exhausted into an extract manifold running
the length of the spine. Fans mounted on the extract
manifold then exhaust the air (via eight thimble exhaust
systems) out of the CL4 laboratory.

Tests on the cabinet line were performed using stan-
dard physical testing methodologies including a leak tight-
ness pressure hold test (BS 5726-4:1992) and a Dispersed
Oil Particulate (DOP) positive pressure scan test (BS
5726:1979, Appendix C.2). Before the first use of this
facility, microbiological aerosols were used to challenge
the system with a range of realistic procedures and acci-
dent scenarios, using Bacillus atrophaeus NCTC 10073
(formerly Bacillus subtilis var niger) spores. These tests as-
sessed the degree of operator protection afforded by the
cabinet line and measured the extent of potential cross-
contamination within the system.

Materials and Methods

Microbial Aerosol Generation

A spore suspension (3 x 10° c¢fu/mL) of aerostable
B. atrophaeus was used as the microbial tracer. Collison
nebulisers (May, 1973) were used for aerosol generation
within the system.

Microbial Air Sampling

* (i) Cyclone Sampler—Cyclone samplers, operating at
650L min", using sterile distilled water as a collecting
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fluid, were used to measure the microbial aerosol concen-
tration within the room and the cabinet line (Bennett &
Parks, 2006; Decker et al., 1969).
e (ii) Casella Slit Sampler—Low-volume Casella slit sam-
plers (Casella, London), operating at 30L min’, contain-
ing Tryptone Soya Broth agar (TSBA) plates were used to
measure the microbial aerosol concentration within the
room and the cabinet line.
e (iii) All Glass Impingers—All glass impingers (May,
1957), operating at 11.5L min”, containing 10mL sterile
distilled water as the collecting fluid, were used to meas-
ure the microbial aerosol concentration within the room
and the cabinet line.
¢ (iv) Microbial Analysis—The collection fluid from the
cyclone and the AGI samplers was diluted and plated out
onto TSBA plates. All the TSBA plates were incubated
for 24 hours at 37°C (¢ 2°C) before being counted.

Tests were divided into Operator Protection tests and
Cross-contamination tests (within the cabinet line).

Operator Protection Tests

Tests were carried out to measure operator protection
factors (OPFs) under normal procedures and under acci-
dent scenarios.

During each test the nebuliser was run to generate a
microbial aerosol within the test cabinet. An AGI sampler
situated nearby was used to measure the challenge con-
centration. The Cyclone and Casella slit samplers were
operated near to operator positions to determine any re-
lease and potential exposure to the operators.

The challenge level was determined by measuring the
weight loss from the Collison nebuliser (as aerosol chal-
lenge would be rapidly removed by the high air change rate
within the cabinets) and related to the measured challenge
level sampled under static conditions within the cabinet.

The results of these tests have been expressed as OPF
calculated as follows:

Aerosol conc. within cabinet (cfu.m-3) measured by AGI
Aerosol conc. outside (cfu.m-3) measured by Cyclone or Casella

OPF =

An OPF of greater than 10’ for all tests was regarded
as an acceptable performance (BSEN12469:2000).

MSC-2 was used for tests 1-10 and MSC-8 was used
for tests 11-16. A summary of the tests is shown in Table
1 and the cabinet positions are shown in Figure 1.

A number of background samples were taken during
the tests without the nebuliser running to determine the
ambient levels of tracer.

Cross-contamination Tests

Tests were performed to measure the transfer of aero-
sols within the cabinet line system, both from the cabi-
nets to the main spine and any possible contamination
from one cabinet to another along the spine. Various
procedures were undertaken whilst the system was operat-
ing normally. The Collison nebuliser was used to generate
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microbial aerosols within MSC-6 (measured using an AGI
as before). Air samplers (AGI, Casella) were then operated
within the spine and other cabinets to detect any cross-
contamination during various procedures detailed in Ta-
ble 2 and air sampler configurations shown in Figure 1.

Sampler Configuration for Cross-
contamination Tests

Configuration One

Nebuliser and challenge AGI within MSC-6

AGI 1 within spine, between MSC-4 and MSC-6

AGI 2 within spine, next to pass-through door to MSC-2
Casella sampler within MSC-4

Configuration Two

Nebuliser and challenge AGI within MSC-6

AGI 1 within spine, between MSC-4 and MSC-6

AGI 2 within spine, next to pass-through door to MSC-2
Casella sampler within MSC-2

Configuration Three

Nebuliser and challenge AGI within MSC-6

AGI 1 within spine, next to the passthrough door to MSC4
AGI 2 within MSC+4

Casella sampler within MSC-4

Results

Operator Protection Factors (OPFs)

The cabinet line gave an OPF of between >10° and
>107 in all tests, including glove removal and loss of venti-
lation which was significantly higher than the minimum
required level of 10°. The OPFs for each of the OPF tests
are listed in Table 1. The range of values is quoted in the
table—rather than mean and standard deviation values—as
in some tests. Recovery of bacteria was below the detec-
tion limit of the test.

Cross-contamination Tests
No microbial aerosol was released from MSC-6 when
the door between the cabinet and the spine was kept

closed (tests 1, 3, 4, and 10).

Figure 1
Schematic diagram of cabinet line and sampler positions for cross-contamination tests.
mSc1 MSC3
AGI?
Tess 1-13
Casella
Tesls
11-13
MSC4
= Casells Tests AGIT
=10 & 14-17  [Tests 14-16
AGlLS Test 1816
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Cellizon Tosts 113
Chaliange AGI
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When the door to MSC-6 was opened, approximately
6% of the microbial aerosol was detected in the spine
compared to the concentration in MSC-6, and a lower
concentration was detected at the far end of the spine.
No aerosol was detected in the adjacent cabinet, MSC-4
(tests 5, 6, and 7).

When the door to MSC-6 was left open, between 6%
and 26% of the microbial aerosol compared to that in
MSC-6 was detected in the spine. A lower concentration
was detected in the far end of the spine (0.84.7% of

Articles

MSC-6). No aerosol was detected in the adjacent cabinet,
MSC+4 (tests 2, 8, and 9).

When transfer of material from one cabinet to an-
other was mimicked, approximately 15%-20% of the mi-
crobial aerosol compared to that in MSC-6 was detected.
A lower concentration was detected in the far end of the
spine (0.3% of MSC-6). Aerosol was transferred to an-
other cabinet at the other end of the spine (MSC-2) when
the door to the cabinet was opened (tests 11, 12, and 13).

When transfer from one cabinet to another was mim-

Table 1
Operator Protection factors for various procedures.
Test Challenge g::gfe?f Range of :::ogvee:’f Range of
Test Details Level Y| OPF from Y | OPFfrom
No. cfu/ms3 Casella, Casella Cyclone, Cyclone
cfu/ms cfu/ms
BG N.A. <6.7-13.3 N.A. 2.0 - 4.54 N.A.
Normal running 373107 8762107
1-3 conditions with 2.49x10° <6.7-6.1 >’37 ’; L 1.85 - 2.85 fg 1
manipulations of gloves -13x X
Normal running L7807 L4607
4-6 conditions, safe 2.36x10° 13.3 - 30 ’78X 107_ 1.85-16.2 i42g 108_
change of two gloves 7.87x 20X
Normal running
conditions, glove ‘o’ ring 4.89x10° — 1.54x107 -
7-9 removed, glove forced 2.6x10° 13.3-53.3 1.96x107 4.55-16.95 5.73x10"
off collar into cabinet
Cabinet line turned off,
exhaust dampers open,
manipulation within
10 cabinet, pressure 2.83x108 <6.7 (ND) >4.23x107 46.15 6.14x10°
monitored to ensure
cabinet went positive
(peaks of >25Pa).
All power turned off,
exhaust dampers open,
manipulation within 0410 | 5aa107
11-13 | the cabinet, pressure 2.76x10° <6.7 - 26.6 T | 3.26-17.93 i
monitored to ensure >4.12x10 7.74x107
cabinet went positive
(peaks of >25Pa).
Cabinets turned off,
exhaust dampers closed,
manipulation within ; .
14 - 16 cabinet, pressure 257x10° | <6.7ND) - 6.7 | OHI0 2.54 - 3.69 697x10" -
monitored to ensure >3.84x10 1.01x10
cabinet went positive
(peaks of >25Pa).
BG = Background sample; N.D. = Not Detected
www.absa.org  Applied Biosafety ~ Vol. 13, No. 2, 2008 101
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Table 2

Summary of cross-contamination tests.

Test
No.

Sampler
Configuration

Procedure
Details

MSC6
Cabinet
AGI 1 (range
cfu/ms3)

Spine AGI
1 (range
cfu/ms3)

Spine AGI
2 (range
cfu/ms3)

MScC4
Casella
(range
cfu/ms3)

1,3,4,10

One

Static test, all samplers
run, no doors opened

2.4 - 1.7x10

ND

ND

ND

5,6,7

One

MSC6 internal
door opened
material moved
in/out for 1 minute

3.7 - 4.2x10

2.0 - 2.4x10°

3.8 -
7.7x10*

ND

2,89

One

MSC6 internal

door left open

material moved
in/out for 1 minute

1.6 - 6.7x10"

1.1x10°
1.2x107

4.1x10° -
1.7x10°

ND

11,12,13

Two

MSC6 internal door
opened for 2 minutes,
then shut. After
4 minutes MSC2
internal door opened
material moved
in/out for 1 minute.

4.5 - 5.0x10’

6.8x10° -
1.2x107

1.6 -
1.9x10°

1.5 - 2.2x10*

14,15,16

Three

MSC6 internal door
opened for 1 minute.
After 3 minutes MSC4
internal door opened
material moved
in/out for 1 minute

1.5 - 3.0x10’

2.5x10° -
1.2x10°

ND

ND - 2.0x10!

N.D. = Not Detected

Figure 2

Cabinet line dunk tank

Figure 3
Cabinet line and MSCs 2, 4, and 6

102

www.absa.org

Applied Biosafety

Vol. 13, No. 2, 2008



Articles

Figure 4
Microscope MSC

icked, about 15%-20% of the microbial aerosol compared
to that in MSC-6 was detected. A lower concentration
was detected in the far end of the spine (0.3% of MSC-6).
Aerosol was transferred to another adjacent cabinet
(MSC+4) when the door to the cabinet was opened (tests
14, 15, and 16).

The cross-contamination test results are summarised
in Table 2.

During all of the above tests, the cabinets were run-
ning normally; hence, as the aerosol was generated within
MSC-6, much of it is removed by the high air change rate
within the system. One final test was run (test 17) within
MSC-6, without the cabinet ventilation running to deter-

mine the true challenge level, which was found to be 1.4
x 10° cfu/m’.

Discussion

The cabinet line was designed to provide a system
that enables diagnostic and research work to be carried
out safely and efficiently with ACDP Hazard Group 4
microorganisms, such as the filoviruses Ebola and Mar-
burg. The operator protection tests (OPFs) demonstrated
that an exceptionally high level of protection was pro-
vided by the cabinet line system under normal working
conditions and under a range of realistic accident scenar-
ios. The tests demonstrated that the OPF was significantly
higher than the minimum required OPF of 10°during
scenarios where the containment barrier was breached,
such as when a glove was removed and forced into the
cabinet. During normal operation the cabinet line was
designed to operate with an air flow of approximately 300
air changes an hour and, therefore, the high protection
factors achieved during these tests were not surprising as
microbial aerosols would be removed efficiently. During
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the most stringent tests performed, where there was a
total loss of ventilation and manipulations were under-
taken within the cabinet creating a positive pressure, high
operator protection factors were still achieved, giving a
high degree of operator confidence.

All Hazard Group 4 microorganisms are viral in ori-
gin not bacterial. However, it was decided to use a bacte-
rial tracer spore as the OPF tests undertaken in this study
were designed to measure the protection afforded by the
cabinet line system from a monodispersed, small-particle
(approximately 1um-3um) aerosol challenge regardless of
the agent used. Published aerosol infective doses for
Ebola Zaire in rhesus macaques are as low as 400 plaque-
forming units (pfu) (Johnson et al., 1995); Marburg virus
has been shown to be lethal by the aerosol route in rhesus
macaques (Lub et al., 1995) and African green monkeys
(Bazhutin, 1992). It was shown that 1 pfu was approxi-
mately equivalent to 25-30 virions (Bray et al., 1998);
therefore, the infectious dose for rhesus macaques could
be between 10,000 to 12,000 virions. Filovirus-infected
non-human primates represent an appropriate animal
model for predicting human infectious doses of filovi-
ruses (Geisbert et al., 2004); therefore, the aerosol-
infectious dose for humans may be reasonably assumed to
be similar. In a monodispersed aerosol (size range lpm-
3um) of bacterial spores generated by a Collison nebu-
liser, each particle would usually contain one bacterium.
A suspension of virus at an equivalent starting concentra-
tion would generate particles each containing a number
of virions (up to 10-fold more, based on average filovirus
dimensions of approximately 80nm x 800nm). Therefore,
based on these theoretical calculations, an aerosol chal-
lenge of approximately 1.0 x 10° virions released from the
cabinet line under the worst case scenario (test 9 - OPF of
4.89 x 10° would release approximately 200 virions into
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the environment. This is equivalent to approximately 4-8
pfu. Therefore, even in the worst case scenario, this
would be approximately 100 times less than the theoreti-
cal infectious dose for rhesus macaques (and by extrapola-
tion humans).

Many laboratory-acquired infections have been re-
ported in the scientific literature (Collins & Kennedy,
1998; Pike, 1979). Historically, procedures such as cen-
trifugation or needle-tick injuries are the main cause of
laboratory-acquired infections (Sewell, 1995). Procedures
carried out within the cabinet line would not produce
microbial aerosols in the concentrations described in this
study. A centrifuge rotor leak, for example, can generate
microbial aerosols with concentrations of 2.30 x 10*
cfu/m’, and dropping a large bottle results in 1.37 x 10*
cfu/m’ (Bennett & Parks, 2006). The data presented
here, however, provide a level of confidence within which
to base emergency accident procedures and safe working
practices.

The basis of the cross-contamination tests was to es-
tablish a set of working procedures within the cabinet
line upon which cross-contamination would not occur.
The spine of the cabinet line is at a greater negative pres-
sure than the individual cabinets. This is designed such
that contamination within the spine is prevented from
entering the cabinets. However, it presents the possibility
that aerosol contamination could enter the spine from
the cabinets. The microbiological tests presented here
demonstrated the importance of allowing time for indi-
vidual cabinets to vent, to remove any aerosols, before the
internal pass-through doors are opened. If an aerosol was
generated in the spine as a result of a spill or accident,
individual cabinets would not be contaminated unless the
internal doors were opened. Tests have shown that it
would be possible to work on two separate microorgan-
isms within two separate microbiological safety cabinets
within the cabinet line, and that provided internal doors
remained shut or cabinets were allowed to vent before the
doors were opened, no cross-contamination would occur
between cabinets.

In summary, the cabinet line system provides excep-
tionally good operator protection, even under accident
scenarios, with the flexibility to work on more than one
viral agent without cross-contamination of work.

Editors’ Note

© Crown Copyright. Defence Science and Technol-
ogy Laboratories (Dstl), 2007.

104 www.absa.org

Applied Biosafety

References

Bazhutin, N. B., Belanov, E. F., Spiridonov, V. A., Voitenko, A.
V., Krivenchuk, N. A., Krotov, S. A., et al. (1992). The effects
of the methods for producing an experimental Marburg virus
infection on the characteristics of the course of disease in
green monkeys. Voprosy Virusologii, 37(3), 153-156.

Bennett, A. M., & Parks, S. (2006). Microbial aerosol genera-
tion during laboratory accidents and subsequent risk assess-

ment. Journal of Applied Microbiology, 100(4), 658-663.

Bray, M., Davis, K., Geisbert, T., Schmaljohn, C., & Huggins, ].
(1998). A mouse model for the evaluation of prophylaxis and
therapy of Ebola hemorrhagic fever. Journal of Infectious Dis-

eases, 178, 651-661.

BS 5726:1979 Specification for microbiological safety cabinets.
United Kingdom: British Standards Institute Publications.

BS 5726-4:1992 Microbiological safety cabinets. Part 1 Specifi-
cation for the design, construction and performance prior to
installation. United Kingdom: British Standards Institute
Publications.

BSEN12469:2000 Biotechnology—Performance criteria for
microbiological safety cabinets. ISBN 0580348695.

Collins, C. H., & Kennedy, D. A. (1998). Laboratory acquired
infections—History, incidence, cause and prevention. London: But-
terworth Heinnman.

Decker, H. M., Buchanan, L. M., Frisque, D. E., Filler, M. E.,
& Dahlgren, C. M. (1969). Advances in large-volume air sam-
pling. Contamination Control, 1, 13-17.

Geisbert, T. W., & Jahrling, P. B. (2004). Exotic emerging viral

diseases: Progress and challenges. Nature Medicine, 10(12
Suppl), S110-112.

Johnson, E., Jaax, N., White, J., & Jahrling, P. (1995). Lethal
experimental infection of rhesus monkeys by aerosolised
Ebola virus. International Journal of Experimental Pathology, 76,

227-236.

Lub, M. 1., Sergeev, A. N., P’iankov, O. V., Petrishchenko, V.
A., & Kotliarov, L. A. (1995). Certain pathogenetic character-
istics of a disease in monkeys infected with the Marburg virus
by an airborne route. Voprosy Virusol ogii, 40, 158-161.

May, K. R. (1957). The efficiency of various liquid impinger
samplers in bacterial aerosols. British Journal of Industrial Medi-
cine, 14, 287-297.

May, K. R. (1973). The Collison nebuliser: Description, per-
formance and application. Aerosol Science, 4(3), 235-243.

Pike, R. M. (1979). Laboratory-associated infections: Incidence,
fatalities, causes and prevention. Annual Reviews of Microbiol
ogy, 33, 41-66.

Sewell, D. L. (1995). Laboratory-associated infections and bio-
safety. Clinical Microbiological Reviews, 8, 389-405.

Vol. 13, No. 2, 2008



