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Identifying the greatest defect size, 
both for liquid leaks and microbial 
ingress, is a fundamental step 
toward protecting the integrity of 

single-use systems (SUS) under real 
process conditions. Integrity testing of 
such systems may become a prerequisite 
in the future because they are used in 
the most critical process steps, with 
detection limits correlating to liquid 
leaks and microbial ingress. Such testing 

guarantees the sterility of drug 
substances and drug products packaged 
in single-use systems and, therefore, 
enhance patient safety. 

Single-use fluid-management 
solutions are being applied in critical 
downstream and final filling applications 
- including those that require 
container–closure integrity testing. 
Single-use bags constitute a core 
technology within those fluid-
management solutions. 

Biomanufacturers increasingly use 
such bags in critical process applications 
such as for storage, mixing, shipping, 
and freezing of drug substances and 
drug products in current good 
manufacturing practice (CGMP) 
commercial production. Bag integrity 
failures can significantly compromise 
patient and operator safety, drug 
availability, and costs. 

The biopharmaceutical industry has a 
poor understanding overall of the 
maximum defect sizes that will not 
cause liquid leaks and microbial ingress 

in single-use systems under real process 
conditions. Existing integrity testing 
methods often are not correlated to the 
leak size of concern and are inadequate 
for safety and regulatory compliance 
considerations. Feedback from 
regulators has stressed that 
manufacturers need to develop a 
physical integrity test method to 
validate the integrity of packaging at the 
supplier and postshipping and 
postinstallation at a customer site (1). 
Applying physical integrity test methods 
to every single bag used in production 
can overcome the statistical uncertainty 
of probabilistic testing approaches such 
as bacterial challenge testing. A physical 
test should be correlated to the greatest 
defect size that does not allow microbial 
ingress and/or a liquid leak.

This article describes how robustness 
and closure integrity can be achieved by 
design. It will give readers the first 
understanding of the science of 
container−closure integrity and 
introduce the Sartorius helium-based 
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supplier integrity test, which can detect 
a defect size down to 2 μm as a proof of 
single-use system integrity.

Key Elements for  
Proven Integrity of SUS
Before implementation of quality by 
design (QbD), a consistent and reliable 
integrity-control strategy based on an 
initial risk analysis must ensure the 
inherent and consistent robustness of an 
SUS. The factors that can compromise 
integrity under real conditions of use 
and the understanding of mechanisms 
of liquid leakage - as well as their 
correlation with microbial ingress - are 
essential to defining, scientifically, the 
appropriate detection thresholds. In 
addition to visual inspection, 
appropriate and validated physical test 
methods then can be implemented, 
both at supplier and end-user sites to 
cover different types of potential failure 
modes. Operator training and support of 
standard operating procedures (SOPs) 
significantly improve handling of an SUS 
throughout its life cycle. In summary, 
SUS system integrity assurance can be 
improved in the following ways:

• Understand market requirements 
and anticipate emerging regulatory 
requirements

• Continuously improve product 
robustness based on QbD, stringent 
product validation, and extensive 
process and quality controls (Figure 1)

• Apply good science to understand 
film behavior and determine the 
maximum allowable leakage limit 
(MALL, the greatest tolerable leak size 
that poses no risk to product safety) (2) 
for both liquid flow and microbial 
ingress under various process 
conditions. 

• Develop integrity testing 
technologies to detect the respective 
defect size of concern in all parts of 
complete SUS assemblies at both the 
supplier and the end-user facilities

• Implement manufacturing 
infrastructure to test SUS assemblies at 
the supplier facility. 

Robustness and Closure 
Integrity by Design 
Knowledge of potential failure modes at 
each stage in a single-use system life 
cycle allows application of a systematic 

QbD approach to the development of 
single-use technologies.

Sartorius Stedim Biotech (SSB) has 
developed a film extrusion design space 
with associated manufacturing controls 
to guarantee consistent quality for 
Flexsafe, Flexboy, and Celsius single-use 
bags. To achieve this, we first defined 
critical quality attributes (CQA) and 
critical process parameters (CPP), which 
were the inputs for a full factorial design 
of experiments (DOE) performed with 23 
experiments, eight variables, and three 
center points.

Process qualification, product 
packaging, and shipping validation 
allow us to ensure mechanical and 
microbial integrity of complete single-
use assemblies. Many test methods, 
including tensile strength, seal strength, 
and burst tests, have been used to 
qualify the robustness of the films, 
components, bag chamber 
manufacturing processes, and complete 
bag assemblies.

Stringent shipping validation on 
filled single-use bags according to ASTM 
D4169 (3) - with real-life and laboratory 
tests as well as using a QbD approach - 
can establish robustness within an entire 
design space. For instance, a self-
deploying bag design installed in its 
container can reduce the risk of integrity 
loss.

To implement the most efficient 
control strategy (e.g., film- and seal- 
strength integrity and routine microbial 
ingress testing according to ISO15747) 
(4), we use our quality risk management 

(QRM) and process expertise to 
determine potential failure modes and 
risks of fine leaks. As a result of such 
process and quality controls, we have 
reduced the failure rate for certain 
product families leaving our 
manufacturing facilities from 400 ppm 
to 20 ppm. We also determined that 
with use of two-dimensional (2D) bags, 

Figure 1:  Robustness and closure integrity by design 
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Figure 2:  The main three root causes of the 
leaks on 2D bags are a leak on the film surface 
of the bag, a channel leak in the bag seal and 
in the weld of the port, and leaks at 
connections. The contribution of each of cause 
is shown as percentages at the manufacturing 
site (top) and at the end-user site (bottom).
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leaks observed at end-user sites from 
problems originating from our 
production facilities have three main 
root causes (Figure 2 top). 

Seal, weld, and film failure modes are 
tested at 100% using a bag chamber leak 
test with detection limits of 40–100 µm, 

depending on bag chamber volume, 
whereas the connection for each 
individual component and combination 
is qualified and not tested at 100%.

Once the SUS arrives at the end-user 
facility, performing a nondestructive 
point-of-use leak test of all single-use 

bags to be used in critical process steps 
(in addition to operator training and 
handling procedures) prevents the risk 
of losing high-value product and 
enhances patient and operator safety. It 
ensures detection of the damage that 
may have occurred during shipping, 
storage, and handling of single-use bags 
at the end-user site.

SSB has performed a risk assessment 
that identifies a low probability of 
introducing a defect smaller than 
100 µm– 200 µm during transport, 
handling, and storage of empty bags. 
Most leaks observed at customer sites 
are introduced into the film when the 
packaging is opened with scissors or 
knives or when connections are 
subjected to rough handling (Figure 2 
bottom).

The Science of Container–
Closure Integrity
To develop a physical integrity test 
method with detection limits that can 
be correlated to liquid leaks and 
microbial ingress, it is crucial to 
understand the bacterial penetration 
and liquid flow mechanisms through 
components and materials used for 
single-use systems. In previous studies 
of different container systems, 
researchers tried different methods to 
establish and measure the respective 
MALL for liquid leaks and microbial 
ingress. Most of those studies were 
performed for rigid containers (5–10); 
however, some attempts have been 
made to study the defect size of flexible 
systems with physical tests (11–14). A 
review of literature on MALL shows a 
close relation between liquid leaks and 

Figure 4:  Test system with two test chambers Figure 5:  Schematic of test chamber design
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Table 1:  A summary of past studies done in the past for different systems and at different pressures 
using microbial immersion and aerosol tests; and the correlation of the results with a liquid leak test; 
MALL = maximum acceptable liquid leaks

Author
Study Burrel (5) Post (6) Keller (7) Gibney (8)

Microbial test Immersion Immersion Aerosol Aerosol

Tube length 3 cm 1.5 cm 0.7 cm 0.7 cm

MALL liquid leaks NA NA 2 µm 5 µm

MALL microbial ingress 5 µm 5 µm 2 µm 5 µm

Pressure (mbar) –250/+300 –250/+300 –210/+210 –350

Material Glass Glass Nickel Nickel

Figure 3:  Liquid leakage and hydrostatic pressure for deionized water; the solid line shows 
calculated data by Gibney (8); gray boxes = experimental data points observed by Gibney, and the 
orange box = the data point obtained by Sartorius Stedim Biotech. 
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microbial ingress (7–10). Liquid leaks and 
microbial ingress both are affected by 
process conditions, liquid attributes, and 
defect size.

The results of those studies 
confirmed that a necessary condition for 
microbial growth is the presence of 
liquid in the defect pathway. But the 
probabilistic character of microbial 
growth and the presence of liquid in the 
defect pathway do not guarantee 
contamination of the container (9, 10). 
Table 1 lists the leakage sizes that do not 
pose a risk to product sterility under 
various conditions (type of bacterial 
challenge and conditions, 
microorganism, type of artificial leak and 
container). 

For a rigid microtube, a formula can 
be used to calculate the threshold 
pressure at which liquid begins to flow 
through a defect (7, 8, 15). But little data 
are available on flexible packaging for 
which the ratio between channel 
lengths to leak diameter is very small. 
However, a microtube can be used to 
simulate the effects of bad weldings 
along flexible bag chambers or tube 
sealings. 

On the other hand, environmental 
conditions such as pressure and 
temperature influence the propensity 
for single-use systems to leak. The 
greatest allowable defect size without 
occurrence of a leak or contamination 
depends on liquid surface tension, time, 
temperature, and measurement test 
method. 

To study the integrity of flexible bags, 
Sartorius initiated a study program 
based on liquid leaks and on microbial 
growth with the films used for the 
production of Flexboy, Celsius, and 
Flexsafe SUS. The methods used, the 
results, and their interpretation are the 
subject of a publication in progress.

The first results obtained by Sartorius 
about liquid leaks and microbial ingress 
with ethylene vinyl acetate (EVA S71) and 
polyethylene (PE S80) films of 300-μm 
and 400-μm thickness are compatible 
with what was examined in previous 
studies for rigid containers (8). Figure 3 
shows the liquid leaks observed in our 
studies at a pressure of 70 mbar. This is 
consistent with the observation from 
7-mm micro tubes at different pressures 
(8). 70 mbar is the hydrostatic pressure at 

the bottom of a 500-L bag or a 20-L bag 
for hanging (used for storage). Figure 3 
shows that for the bags equal to 500 L in 
a storage condition, the leak size with no 
risk to sterility is 15 μm.

However, during shipment from one 
location to another by plane or truck, 
bags experience a range of different 
pressure and gravity conditions. The 
differential pressure generated during a 
transport was established by Post at 
–250/+300 mbar (6). In addition, our 
shipping validation shows that in the 
worst case, a bag can experience 
acceleration during transport by airplane 
or truck of 20g. According to the formula 
(7), the higher the pressure, the smaller 
the size of a defect that leads to a leak. 
Therefore, for a bag under a pressure 
above 200 mbar, the defect size that will 
allow a leak decreases to 5 µm. For a bag 
being transported by airplane, truck, or 
boat that experiences forces of 20 g, the 
defect size that does not present a risk 
for the product is estimated to be 
around 2 µm.

To make a correlation between liquid 
and microbiological methods, a series of 
microbial tests was carried out on PE S80 
and EVA S71 films. At atmospheric 
pressure, no bacterial growth was 
reported up to a defect size of 40 μm 
(Table 2). The equivalent tests with 

microtubes show that bacterial growth 
starts to appear when the defect size 
ranges from 20 μm to 50 μm (7).

Because of the random nature of 
microbiological phenomena, 
microbiological integrity methods are 
probabilistic (2). That makes them 

Figure 6:  Leak rates of conforming and nonconforming bag assemblies
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Table 2:  A series of microbial tests on polyethylene (PE S80) and ethylene vinyl acetate (EVA S71) 
films for leak sizes between 0 and 100 μm at atmospheric pressure; numerators show the number of 
samples that have bacterial ingress, and the denominator shows the maximum tests done for each 
defect size

Defect Size 0 µm 2 µm 10 µm 15 µm 20 µm 25 µm 30 µm 40 µm 50 µm 80 µm 100 µm

S80 400 µm 0/10 0/18 0/30 0/30 0/30 0/30 0/30 0/30 6/30 14/30 22/30

S71 300 µm 0/10 0/18 0/30 0/30 0/30 0/30 0/30 0/30 1/30 14/30 14/30

Table 3:  The maximum allowable leakage 
limit (MALL) obtained or estimated so far by 
Sartorius at different applied pressures

Applied 
Pressure (mbar)

MALL 
(µm)

Test 
Method 

0 40 Aerosol

70 15–20 Liquid leak

300 2 Estimated

Helium gas tracer 
technology is 
recommended in USP 
<1207> as the most 
sensitive method 
currently available to 
IDENTIFY A LEAK 
at the detection limit of 
2 μm for SUS with 
volumes >1 L.
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unsuitable for system checks that may 
be necessary at our production site or at 
an end-user’s. Nevertheless, these 
methods are proven to be decisive when 
it comes to defining the maximum size 
of a leak that does not pose a risk for 
product sterility.

On the other hand, deterministic or 
physical test methods make it possible 
to obtain quantifiable, reproducible 
results with clearly defined and 
predictable detection limits. These 
detections can be correlated with the 
MALL previously defined by 
microbiological methods.

Table 3 summarizes what has been 
established so far as the MALL either by 
liquid leak test or by microbial ingress 
test in single-use systems.

A Helium-Based Supplier 
Integrity Test (SIT) 
The MALL of 2 μm estimated from our 
liquid leak and microbiological tests 
inspired us to develop and offer a 
physical, nondestructive integrity test 
method. With this new test, defects of 
2 μm are detectable, so the test can be 
used to confirm the microbial-barrier 
properties of a single-use system.

Helium gas tracer technology is 
recommended in USP <1207> (2) as the 
most sensitive method currently 
available to identify a leak at the 
detection limit of 2 μm for SUS with 
volumes >1 L. In a helium-based 
integrity test, the container is placed in a 
sealed vacuum test chamber and 
connected to a helium filling line (Figure 
4). The vacuum chamber ensures that no 
air or other gases can enter or exit 
during the test because that could 
interfere with the detection of helium. A 
mass spectrometer is used to measure 
the rate of increase in the concentration 
of helium that passes through the 
defects in the single-use system.

A patented integrity test (16), 
including a special pumping technique, 
reduces the stress on the bag assembly 
by reducing the internal pressure of the 
bag along with the external chamber 
pressure. The test chamber is equipped 
with restraining plates and porous 
spacers to provide mechanical support 
for the assembly during the test and 
prevent masking effects caused by 
direct contact between the surface of 

the film and the stainless steel plate 
(Figure 5). This mechanical support 
allows testing with small inflation 
volumes and higher test gas pressures.

A pressure-sensing gross leak check 
prevents saturation of the test chamber 
with large quantities of helium and, 
therefore, practically eliminates system 
down times due to helium pollution. 
Once the vacuum in the test chamber 
has been created, helium is injected into 
the bag assembly and held for a fixed 
test time. During this time, the helium 
leak rate is measured with a mass 
spectrometer and compared against a 
preestablished acceptance criteria to 
make the pass–fail evaluation. The 
performance of testing equipment is 
verified routinely with a calibrated 
helium master leak. 

Design-specific characteristics of SUS 
(such as the numbers of connections, 
the surface area, or materials of 
construction) can affect the leak rate. It 
is important, therefore, to determine the 
helium leak-rate acceptance criteria 
against a baseline of conforming 
products and confirm it by measuring 
the leak rates from defective assemblies.

Permeation of helium through a bag 
film surface and tubing material can 
increase the helium concentration in the 
chamber significantly during the test, as 
shown by the “nondefective” curve in 
Figure 6. This phenomenon limits the 
ability of the test to detect defects that 

will cause leaks. However, because the 
increase in helium concentration caused 
by permeation occurs after increases 
caused by defects, it is possible to limit 
the test time and differentiate 
conforming from nonconforming bag 
assemblies with the target defect size. 
The pass–fail evaluation of the test must 
be executed within seconds of helium 
filling to prevent false-negative results 
due to gas permeation.

Sartorius selected this technology for 
nondestructive testing of finished 
products for all SUS intended for use in 
commercial manufacturing of drug 
substances and drug products. A 
comprehensive validation study with 

Figure 7:  Leakage rates with six sigma confidence interval between defective and nondefective 
samples
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A consistent and 
reliable integrity 
control strategy must 
be based on an initial 
risk analysis before 
implementation of QbD 
to ensure the intrinsic 
(and consistent) 
ROBUSTNESS of 
single-use systems at 
all stages of a 
manufacturing process. 
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over 700 tests performed on a large 
number of product types has shown that 
the design of a single-use system has a 
strong impact on the permeation rate of 
conforming products. Different types of 
defects such as pinholes in a bag film 
surface, channel leaks in the welding, or 
tube-to-hose-barb connections were 
used to represent different failure 
modes. A statistically significant number 
of 32 conforming and nonconforming 
samples per design/volume confirmed 
the capability of the validated method 
to detect 2-μm pinhole leaks (patch) as 
well as 20-µm channel leaks (capillary) 
with a confidence interval of at least six 
sigma between defective and 
nondefective samples (Figure 7).

The reproducibility and precision of 
our validated method allows users of 
SUS in critical process steps to reduce 
risks associated with introducing a 
defective consumable into their 
processes, jeopardizing the sterility of 
the systems.

Ensuring Product Sterility 
and Patient Safety
A consistent and reliable integrity 
control strategy must be based on an 
initial risk analysis before 
implementation of QbD to ensure the 
intrinsic (and consistent) robustness of 
single-use systems at all stages of a 
manufacturing process. In-depth 
knowledge of the factors that may 
compromise their integrity under real 
conditions of use and the understanding 
of mechanisms of liquid leakage (as well 
as their correlation with microbial 
penetration) are essential to a scientific 
definition of appropriate detection 
thresholds with regard to associated 
risks of loss of integrity. Appropriate and 
validated physical test methods and 
protocols then can be implemented at 
supplier and end-user sites to cover 
different types of potential failures in 
support of visual inspection and best 
practices.

The critical size of permissible leakage 
to ensure integrity of a single-use system 
will depend on the process step in which 
it will be used and the constraints it will 
have to bear (pressure, shocks, contact 
time, and so on). As of today, the only 
physical test method able to detect the 
maximum allowable leakage tolerable in 

a single use system used in any process 
conditions is the helium-based gas tracer 
that can detect down to a 2 µm defect. 
That detection limit correlates to liquid 
leaks and microbial ingress to ensure the 
best levels of product sterility and patient 
safety. 
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