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ABSTRACT: This article reports the validation strategy used to demonstrate that the Milliflex® Quantum yielded
non-inferior results to the traditional bioburden method. It was validated according to USP <1223>, European
Pharmacopoeia 5.1.6, and Parenteral Drug Association Technical Report No. 33 and comprised the validation
parameters robustness, ruggedness, repeatability, specificity, limit of detection and quantification, accuracy, preci-
sion, linearity, range, and equivalence in routine operation. For the validation, a combination of pharmacopeial
ATCC strains as well as a broad selection of in-house isolates were used. In-house isolates were used in stressed state.
Results were statistically evaluated regarding the pharmacopeial acceptance criterion of =70% recovery compared to
the traditional method. Post-hoc test power calculations verified the appropriateness of the used sample size to detect
such a difference. Furthermore, equivalence tests verified non-inferiority of the rapid method as compared to the
traditional method. In conclusion, the rapid bioburden on basis of the Milliflex® Quantum was successfully validated
as alternative method to the traditional bioburden test.

KEYWORDS: Bioburden testing, Rapid microbiological methods, Validation, Non-inferiority test, Compendial
method.

LAY ABSTRACT: Pharmaceutical drug products must fulfill specified quality criteria regarding their microbial content
in order to ensure patient safety. Drugs that are delivered into the body via injection, infusion, or implantation must
be sterile (i.e., devoid of living microorganisms). Bioburden testing measures the levels of microbes present in the
bulk solution of a drug before sterilization, and thus it provides important information for manufacturing a safe
product. In general, bioburden testing has to be performed using the methods described in the pharmacopoeias
(membrane filtration or plate count). These methods are well established and validated regarding their effectiveness;
however, the incubation time required to visually identify microbial colonies is long. Thus, alternative methods that
detect microbial contamination faster will improve control over the manufacturing process and speed up product
release. Before alternative methods may be used, they must undergo a side-by-side comparison with pharmacopeial
methods. In this comparison, referred to as validation, it must be shown in a statistically verified manner that the
effectiveness of the alternative method is at least equivalent to that of the pharmacopeial methods. Here we describe
the successful validation of an alternative bioburden testing method based on fluorescent staining of growing
microorganisms applying the Milliflex® Quantum system by MilliporeSigma.

1. Introduction in the bulk solution (compounding solution) prior to
microbial reducing filtration, before sterile filtration,
and/or before heat sterilization. Several definitions of
bioburden are found in the current regulatory docu-
ments (1). For example, the U.S. Food and Drug

In the pharmaceutical industry, the term bioburden
often comprises the enumeration of microbial bioload
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Administration (FDA) Guidance for Industry (2) de-
fines bioburden as “the total number of microorgan-
isms associated with a specific item prior to steriliza-
tion”.

Traditionally, bioburden is analysed by the membrane
filtration method according to European Pharmaco-
poeia (Ph. Eur.) 2.6.12 (3) or USP <61> (4), but also
the plate count or most probable number (MPN)
method can be applied. As these methods are de-
scribed in the compendial chapters of the pharmaco-
peia, they are regarded as validated. Alternative meth-
ods may be applied provided that non-inferiority to the
compendial methods has been demonstrated. To this
end, validation criteria of the Ph. Eur. 5.1.6., USP
<1223>, or PDA Technical Report No. 33 (5-7) may
be used to demonstrate non-inferiority. Overviews on
these chapters, which were currently updated, are
given, for example, by Miller (8, 9).

Health authorities encourage pharmaceutical manufac-
turers to use rapid or alternative microbiological meth-
ods (RMMs), especially for in-process testing (10—
13). RMMs have several advantages compared to
traditional methods such as faster product release,
faster reaction time to non-compliance or deviations,
and increased automation, resulting in a better control
of the manufacturing process (e.g., 14, 15). The aim of
the current work was to find a suitable RMM system
for the enumeration of bioburden of parenteral drug
product bulk solutions.

Several applications are available on the market that
may potentially be used to perform bioburden test-
ing—for example, autofluorescence using Growth
Direct™ from RapidBioMicrosystem, adenosine
triphosphate (ATP) bioluminescence using Milliflex®
Rapid system from MilliporeSigma (a trademark of
Merck KGaA, Darmstadt, Germany)—for an overview
see reference 16. Another possibility is the Milliflex®
Quantum where incubated samples are stained using
carboxyfluorescein diacetate (CFDA), which is a non-
fluorescent substrate that is cell membrane—permeable.
Within the cell the CFDA is cleaved by unspecific
intracellular esterases to carboxyfluorescein, which is
a green-fluorescent that can be excited with blue light
(N = 488 nm). Because carboxyfluorescein is only
poorly membrane-permeable, the fluorochrome is ac-
cumulated and retained within viable cells. The fluo-
rochrome is excited within the Milliflex® Quantum
Reader, and colonies of metabolically active microor-
ganisms can be counted visually by the analyst, that is,
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there is no automated enumeration by the system.
The read-out is, as for the traditional method, in
colony-forming units (CFU). Because of the bright
fluorescent signal, colonies can be seen at smaller
sizes, resulting in a reduced incubation time. Pre-
studies indicated that the benefits of the Milliflex®
Quantum would be a reduced incubation time from
3-7 days—the traditional method according to Ph.
Eur. 2.6.12 or USP <61> (3, 4)—to 72 h and still
provide accurate, valid results that would enable
investigations to be rapidly initiated when required.
The staining with CFDA is a well-described and
widely applied technique (see, e.g., references 17,
18) that can be considered non-destructive to the
largest extent if the dye is used at the proper con-
centration (19). There are, however, also reports
indicating that CFDA may have an impact on rep-
licating cells (20), especially when used at inade-
quate concentrations. Furthermore, the fluorescence
signal could outshine adjacent smaller colonies, as
observed for ATP bioluminescence methods (M.
Goverde, personal observation). Therefore, the
staining as such, in correlation with the incubation
time, must be validated in order to avoid too low
enumeration results.

A first evaluation of the Milliflex® Quantum by
MilliporeSigma found it to be suitable for bioburden
testing of bulk solutions. Although it still enumer-
ates CFUs by human eye and is thereby comparable
to the traditional method (i.e., membrane filtration
method and same growth media), it was decided to
validate the Milliflex® Quantum method with all
validation criteria according to the pharmacopeial
recommendations because two relevant factors were
changed: (1) the incubation time was reduced in our
case from 5-7 days to 72 h and (2) samples are
stained with a chemical that could influence micro-
bial growth. To our knowledge this is the first
publication on the validation of Milliflex® Quantum
used for a more rapid enumeration of bioburden
according to pharmacopeial validation criteria.

2. Methods

2.1. Equipment and Materials

The equipment and expandable materials used were
purchased from MilliporeSigma (Lyon, France) and
are listed below (the catalogue number is given in

parentheses). For both the traditional bioburden
(TBB) test and the rapid bioburden (RBB) test, the
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TABLE I
List of All Isolates Used for Specificity. For In-house Strains the Method of Stress Is Indicated
Species Strain Stress Agar
Pseudomonas aeruginosa ATCC 9027 No stress TSA
Staphylococcus aureus ATCC 6538 No stress TSA
Bacillus subtilis ATCC 6633 No stress TSA
Escherichia coli ATCC 8739 No stress TSA
Burkholderia cepacia ATCC 25416 No stress TSA
Stenotrophomonas maltophilia In-house Heat stress: 60 °C, 2 min TSA
Bacillus idriensis In-house At least 7 days nutrient starvation TSA
Bacillus clausii In-house At least 7 days nutrient starvation TSA
Staphylococcus epidermidis In-house Heat stress: 60 °C, 2 min TSA
Staphylococcus warneri In-house Heat stress: 60 °C, 3 min TSA
Pseudomonas stutzeri In-house Heat stress: 60 °C, 2 min TSA
Kocuria rhizophila In-house Heat stress: 70 °C, 2 min TSA
Aspergillus brasiliensis ATCC 16404 No stress SDA
Candida albicans ATCC 10231 No stress SDA
Penicillium sp. In-house Heat stress: 50 °C, 3 min SDA

same nutrient media cassettes and filter funnels
were used:

Milliflex® Quantum Reader (MXQREADO1)

e Milliflex® Quantum membrane transfer tool with
seal (MXQTRTO001, MXQSEALO1)

e Removal rack with liquid media cassette adapter
(REMRACKO1, REMSPARELI)

e Milliflex® Plus Pump (MXPPLUSO1)
e Milliflex® Plus Pump Head (MXPHEADO1)

e Milliflex® cassettes with tryptic soy agar (TSA)
(MXSMCTS48)

e Milliflex® cassettes with Sabouraud dextrose agar
(SDA) (MXSMCSD48)

o Milliflex® HA 100 mL funnel unit (0.45 wm cel-
lulose esters membrane) and fluorescent reagents
(MXQTVOKT1)

e Milliflex® liquid cassettes (MXLMCO0120)

As inoculum and rinsing fluid a solution with 1 g
Bacto Peptone (No. 211677 from Becton Dickinson,
Franklin Lakes, NJ) in 1000 mL water purified at a pH
of 7.1 = 0.2 was used.
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2.2. Inoculum

For the validation of Repeatability BioBall™ Single
Shot from Bacillus subtilis (catalogue no. 56024, bio-
Meérieux, Marcy-l’Etoile, France), Pseudomonas
aeruginosa (catalogue no. 56040, bioMérieux) and
Aspergillus brasiliensis (catalogue no. 56022, bio-
Mérieux) were used. These three strains were used to
represent Gram-positive bacteria, Gram-negative bac-
teria, and a mould.

For other validation parameters in-house prepared
strains were used in a stressed state to represent worst-
case scenarios. The stress protocols (e.g., by applica-
tion of heat or by nutrient depletion) are described in
Gray et al. (21). As shown by Gray et al., application
of heat stress led to the most reproducible delay before
start of growth and reduction in microbial numbers for
non-spore forming microorganisms, as compared to
other stress conditions (e.g., chemical stress). For bac-
teria that could form endospores, spore formation was
triggered by nutrient starvation and cold stress, and the
resulting spore suspensions were used for the experi-
ments. Table I gives an overview of strains used and
the stress parameters applied.

2.3. Workflow of Milliflex® Quantum and Traditional
Bioburden (TBB) Test

Milliflex® Quantum: Filtration of the sample was
performed in a laminar air flow cabinet (LAF). All
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materials used and the Milliflex® Plus Pump were
disinfected with 70% ethanol, while the head of the
Milliflex® Plus Pump was autoclaved. The filtration
was performed in the LAF using the “dry-out” func-
tion of the Milliflex® Plus Pump. If indicated, the
membrane was rinsed according to the adequate rins-
ing protocol. Then the filter funnel was closed, re-
moved from the Milliflex® Plus Pump, and transferred
onto a Milliflex® agar cassette. The cassettes contain-
ing SDA were incubated at 20-25 °C, and the ones
containing TSA at 30-35 °C, for a maximum of 72 h
(if not required differently by the experimental setup,
e.g., for robustness).

After incubation, the staining was performed using the
Milliflex® Quantum Membrane Transfer Tool, a re-
moval rack which assists in opening the Milliflex®
cassettes harboring the membranes, and the staining
reagent. The stained filters were incubated for 30 min
at 30-35 °C (if not required differently by the exper-
imental setup). Then the enumeration of the bright
spots, representing CFDA-stained colonies, with the
Milliflex® Quantum was performed manually and doc-
umented on worksheets [good manufacturing practice
(GMP) documents].

If indicated, the membrane was further incubated. This
was necessary for verification of non-destructiveness
of the staining, and may also be necessary for identi-
fication of the contaminants in routine use of the
method. To that end, the membrane was separated
from the liquid media cassette using the removal rack,
transferred onto a fresh agar cassette, and further
incubated under the already previously used incuba-
tion conditions.

A negative control with the rinsing fluids was carried
out per test session. This was done to check whether
the sterilization of the fluids and the working tech-
nique of the analyst were adequate.

Traditional Bioburden (TBB) Test: The TBB test
was performed as described in USP <61> and Ph.
Eur. 2.6.12 (3, 4) using the membrane filtration
method. The preparation was the same as described
above for the Milliflex® Quantum. The same microbial
suspension in the rinsing solution was filtered (and
rinsed if needed), and the filter funnel was closed and
removed from the MX Plus Pump. Subsequently, the
filter funnel was transferred onto a Milliflex® agar
cassette. Following placement of the membrane on the
agar cassette, all removable parts of the filter funnel
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were removed, and the cassette now harboring the
filter membrane was closed with its lid. The cassettes
containing SDA were then incubated at 20-25 °C and
the ones containing TSA at 30-35 °C. In order to
validate the rapid method in a worst-case approach,
TSA cassettes were incubated at least 5 days and SDA
cassettes at least 7 days during the validation (routine
conditions are TSA for 3-5 days and SDA for 5-7
days). After incubation, the colonies were visually
counted with the human eye with intermediate read-
ings, if necessary. The count to be reported was the
one with the highest amount of colonies.

2.4. Risk—Benefit Analysis

A theoretical comparison of the compendial mem-
brane filtration method according Ph. Eur. 2.6.12 or
USP <61> (3, 4) and the Milliflex® Quantum method
was performed in order to identify differences. Each
single step of the analysis was listed for both methods,
and based on this comparison it was decided whether
the difference required validation or not.

2.5. Validation Parameters

The TBB test served as reference method against
which the RBB test was validated. The aim of the
validation was to demonstrate that the RBB test was an
appropriate alternative method to the TBB. This was
achieved by satisfying the defined validation parame-
ters from USP <1223>, Ph. Eur. 5.1.6, and PDA
Technical Report No. 33 (5-7). Validation was delib-
erately performed without focusing on a particular
type of product. Thus, most experiments were per-
formed without using any product (an exception was
the validation parameter equivalence).

1. Robustness: Robustness describes the reliability of
the method in routine use. The application of small
but deliberate variations in method parameters
must not lead to significantly different results. Ro-
bustness towards different incubation times and
different staining times was evaluated by the sup-
plier. However, validation of these parameters was
repeated because different incubation and staining
times were assessed in the present validation as
compared to the supplier validation. An incubation
time of 72 h minus 2 h or plus 48 h, and a staining
time of 30 min minus 15 min or plus 30 min, were
validated. For validation of both parameters, a low
inoculum (10-100 CFU) of the microorganisms of
interest was inoculated in 100 mL of the rinsing
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Figure 1

Results for the validation parameter robustness for different incubation times (upper graphs) and staining
times (lower graphs) for the three test strains. The sample size (N) was in general 6, it had to be increased for
validation of different incubation times for S. maltophilia (N = 12) and for Penicillium sp. (N = 9) in order to
reach sufficient test power.

solution. The whole 100 mL volume was then
filtered and processed as described above (see para-
graph 2.3). Slow- or fast-growing microorganisms,
from either from large or small colonies, were
used: Bacillus subtilis ATCC 6633, Stenotroph-
omonas maltophilia (in-house isolate, heat stress at
60 °C for 2 min), and Penicillium sp. (in-house
isolate, heat stress: 50 °C for 3 min). For all used
microorganisms, the inoculum was 10-100 CFU.
Two test runs with three replicates per microorgan-
ism and incubation time or staining time were used,
respectively. However, the sample size was in-
creased if the statistical test power was below 0.8
(see below paragraph 2.6 and Figure 1). As the
obtained results were consistent with the assump-
tion of normally distributed data, results were eval-
uated using a 2-sample t-test at a confidence level
of 95%. The acceptance criteria were no statisti-
cally significant difference in CFU count between
the lower and the standard incubation or staining
time, and no statistically significant difference in
CFU count between the higher and the standard
incubation or staining time using the 2-sample t-
test (see paragraph 2.6 for further details).
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2.

3.

Ruggedness: Ruggedness describes the reproduc-
ibility of test results under different routine circum-
stances (i.e., alteration of analysis parameters that
represent unavoidable changes). Ruggedness 1is
normally expressed as the lack of influence of
operational and environmental variables on the test
results of the microbiological method. Both Ph.
Eur. 5.1.6 and USP <1223> (5, 6) state that ro-
bustness/ruggedness determination is best suited to
demonstration by the supplier of the method. Rug-
gedness was shown by the supplier, Merck KGaA,
and described in the supplier method validation
summary. Ruggedness parameters covered by the
supplier were different filter funnel lots, media lots,
analysts, instruments, and staining reagent lots. In
conclusion, results generated by the supplier on
ruggedness parameters were reviewed and evalu-
ated to be sufficient. No further experiments were
dedicated to show ruggedness.

Repeatability: Repeatability describes the repro-
ducibility of test results under near-identical con-
ditions: analysis of samples under routine circum-
stances (performed by the same analyst using the

PDA Journal of Pharmaceutical Science and Technology
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same equipment and, if possible, the same consum-
able lots) at different times of day and on different
days. The experimental procedure was the same as
for robustness (see above) but without variation of
incubation or staining time. The following micro-
bial strains were used: Bacillus subtilis NCTC
104001, Pseudomonas aeruginosa NCTC 129241,
and Aspergillus brasiliensis NCPF 22751 using
BioBall™. BioBall™ were used since they have
an extremely precise and consistent mean CFU
value. In total, four runs (two in the morning and
two in the afternoon each on a different day) with
five replicates per run and microorganism were
performed. Acceptance criterion was that there
should be no statistically significant difference be-
tween the different test runs for each strain using a
one-way analysis of variance (ANOVA) at a con-
fidence level of 95% (for further details on statis-
tics see paragraph 2.6).

. Specificity: The specificity of a method is defined
as the potential to detect a broad range of micro-
organisms. For the Milliflex® Quantum, specificity
was demonstrated for 15 different microorganisms,
including Gram-negative rods, Gram-positive
spore-forming bacteria, Gram-positive cocci,
yeasts, and molds (Table I). All in-house isolates
were stressed (see Table I). The chosen isolates can
be considered representative for any pharmaceuti-
cal manufacturing operation site. The procedure of
analysis with the Milliflex® Quantum was the same
as described under robustness but without variation
of incubation or staining time (see above). In ad-
dition, membranes were transferred onto fresh Mil-
liflex® cassettes after reading and were re-incu-
bated at 20-25 °C or 30-35 °C for another 4 days
and colonies were re-counted by unaided eye (qual-
ified analyst). The latter was performed to check if
the staining had any negative effect on microbial
viability. For the TBB, testing was performed as
described in paragraph 2.3 using the same filtration
volume and inoculum as for the RBB test. Two test
runs with three replicates per microorganism were
made. The CFU count of the RBB test should not
be statistically different as compared to the TBB
test (except the rapid method yields superior re-
sults). For each strain, a 2-sample t-test at a con-
fidence level of 95% was performed. Furthermore,
the CFU counts obtained for all strains were pooled
and a non-inferiority test for log-normal distributed
data at a confidence level of 95% with a non-
inferiority boundary of 70% was applied. To ana-
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lyze for the effect of the staining, a paired t-test at
a confidence level of 95% was used (for further
details on statistics see paragraph 2.6).

5. Limit of Detection and Quantification: The limit

of detection is defined as the lowest number of
microorganisms that can be detected under the
stated experimental conditions. The limit of quan-
tification is the lowest amount of microorganisms
that can be accurately counted with acceptable ac-
curacy and precision under the stated experimental
conditions. The limit of quantification was not in
the scope for validation of the Milliflex® Quantum
because, like for the traditional method, enumera-
tion of colonies is also executed by an operator.
Therefore, the limit of quantification has to be the
same for the RBB test as for the TBB test.

In general, for the bioburden for parenteral products

an acceptance criterion of 10 CFU/100 mL is often
used (22), but it can also be higher depending on the
application (e.g., biotech active pharmaceutical in-
gredients). Therefore, a detection limit of at least 5
CFU would be appropriate for the intended appli-
cation and still leave an ample safety margin.

In order to investigate the limit of detection, 100 mL

aliquots of the rinsing solution were inoculated with
approximately 50, 5, 0.5, and 0.05 CFU of the micro-
organisms of interest. The samples were tested for
microbial burden using the TBB test and the RBB test
in parallel (see paragraph 2.3 for further details).

The selection of microorganisms used was intended to

cover a broad range of possible contaminants: a slow-
growing Gram-negative rod, a Gram-positive coccus,
a spore-forming Gram-positive rod, a small size
Gram-negative rod, a mold, and a yeast (see Figure 3
for species names). All in-house isolates were stressed
as indicated in Table I, except Brevundimonas
diminuta (which was an in-house water isolate).

Two test runs with 10 replicates per concentration and

microorganism were performed. For each concen-
tration of each test method, the number of replicates
that showed microbial growth was recorded. A 10-
replicate MPN table was used to determine the
upper and lower confidence limit of the MPN for
each method according to USP chapter <1223> (6)
using the MPN table from the FDA Bacteriological
Analytical Manual, Appendix 2 (23). The three
highest dilutions of the microbial solution were used
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for evaluation, unless the highest dilution did not
show any microbial growth. In that case, the three
lowest dilutions were used for determination of the
confidence limits of the MPN. If the confidence
limits (95%) obtained for both methods overlapped,
it was concluded that no statistical difference re-
garding the [limit of detection exists (for further
details on statistics see paragraph 2.6).

. Accuracy, Precision, Linearity, and Range: The
accuracy of the microbiological method is the
closeness of the actual test results obtained with
the RBB test compared to the TBB test. It may also
be expressed as the percentage recovery of micro-
organisms with the alternative method as compared
to the traditional method.

The precision of a microbiological method is the de-

gree of agreement among individual test results
when the procedure is applied repeatedly to multiple
samplings of laboratory microorganisms across the
range of the test. The precision of a microbiological
method is usually expressed as the standard devia-
tion or relative standard deviation (coefficient of
variation).

The linearity of a microbiological test method is its

ability to ensure that results are proportional to the
concentration of microorganisms present in the
sample within a given range.

The range is the maximum level of microorganisms

that can be accurately counted and was determined
based on the linearity data.

As for limit of detection, 100 mL aliquots of the

rinsing solution were inoculated with approximately
200, 100, 30, 10, and 5 CFU of the microorganisms
of interest. The samples were tested for microbial
burden using the TBB test and the RBB test in
parallel. As microorganisms, fast-growing Gram-
positive bacteria (Staphylococcus aureus ATCC
6538) and slow-growing Gram-negative bacteria
(Stenotrophomonas maltophilia in-house isolate,
heat-stressed at 60 °C for 2 min) were used in three
test runs with five replicates per concentration of
microorganism.

For satisfying the validation parameter accuracy, the

count obtained with the RBB test should not be
statistically significantly different from the TBB
(except the rapid method yields superior results)

212

using the 2-sample t-test at a 95% confidence level
for each dilution of each microorganism. This was
possible because the obtained data appeared to be
normally distributed. The precision of the RBB test
as compared to the TBB test was assessed using a
test for equal variances (Bartlett’s test) at a 95%
confidence level for each dilution of each microor-
ganism. The RBB test should not have statistically
significantly different variance as compared to the
traditional method (except if variance is signifi-
cantly smaller). For linearity, linear regression anal-
ysis of the data obtained (mean of the 15 replicates
per concentration and microorganism obtained with
the RBB test or the TBB test) was performed. A
correlation coefficient of r* = 0.95 or better and a
slope ranging from 0.8 to 1.2 was considered satis-
factory (for further details on statistics see para-
graph 2.6).

7. Equivalence: The objective of this test was to

demonstrate non-inferiority of the alternative
method based on the Milliflex® Quantum RBBtest
in comparison to the TBB test under routine cir-
cumstances. To that end, three different product
solutions were tested with both methods in parallel,
using the product-specific rinsing protocol previ-
ously defined in suitability tests. Because biobur-
den samples typically do not harbor high numbers
of microorganisms, samples were manually inocu-
lated with different microorganisms prior to test
performance. Manual inoculation was necessary, as
a comparison of mainly zero values does not allow
assessment of whether equivalence of the methods
is given. Inoculation was performed with mixed
cultures of two to four different strains from Table
I with 10-100 CFU.

For each of the three product solutions, two test runs

with 15 samples each were conducted. The mixed
cultures used for inoculation of the samples were
varied within each test run; the 15 samples were
split in groups of five samples, which were inocu-
lated with a different mixed culture each. Filtration
and incubation was performed as described in para-
graph 2.3.

Statistically significant equivalence between the RBB

test and the TBB test using a non-inferiority test at
a confidence level of 95% with a non-inferiority
boundary of 70% was used for statistical evaluation.
Calculation was performed for each product solu-
tion and each incubation condition (20-25 °C on
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SDA and 30-35 °C on TSA). For all but one data
set (product no. 3, SDA 20-25 °C), the obtained
results were consistent with the assumption of nor-
mally distributed data. For product no. 3, SDA
20-25 °C, assumption of a negative-binomial dis-
tribution provided a better fit (for further details on
statistics see paragraph 2.6).

2.6. Statistical Analysis

For statistical analysis Minitab® Release 16 Statistical
Software, GraphPad Prism 5, or R 2.8.1 were used.
Any data intended for statistical analysis was sub-
jected to a normality test using the Ryan-Joiner test. If
the test for normality failed, the data was subjected to
a transformation by using the logarithm of the CFU
counts. If the data had to be transformed by using the
logarithm of the CFU count, zero-values had to be
excluded because the logarithm of zero does not exist.
If data remained not normally distributed despite log
transformation, non-parametric alternatives for the t-
test (Mann-Whitney test), paired t-test (Wilcoxon
matched pairs test), or the ANOVA (Kruskal-Wallis
test) were used.

For experiments that involved spiking with microbial
suspensions, outliers were identified with Grubb’s test
for outliers and excluded from any calculations (in-
cluding normality tests).

In order to compare two groups, the 2-sample t-test or
the paired 2-sample t-test was used. The latter was
used when the individual values of the two data sets
were strictly dependent on each other. For example,
this test was applied to compare counts from the same
plate with the Milliflex® Quantum and by eye after
re-incubation. For a comparison of more than two
groups of data, the ANOVA test was used instead of a
t-test.

In order to assess if two methods have a comparable
precision, tests for equal variance were applied. For
normally distributed data, Bartlett’s test was used. For
not normally distributed data, its non-parametric coun-
terpart, Levene’s test, was used.

In order to statistically assess equivalence between the
alternative method and the traditional method, the
non-inferiority test was used with a lower boundary of
70% as stated in USP chapter <1227> (24). The rapid
method and the traditional method are equivalent if the
lower limit of the 95% confidence interval of the mean

Vol. 71, No. 3, May-June 2017

difference in recovery (rapid method compared to
traditional method) is completely within the non-infe-
riority boundary. The non-inferiority test used in this
validation requires the assumption that the data fol-
lows particular statistical models. For the present val-
idation, the non-inferiority test assuming normal, log-
normal, or negative-binomial distributions was used.
The most adequate distribution model for the experi-
mental data was chosen before conducting the non-
inferiority test.

Finally, test power calculations were used in order to
verify adequate sample size for the validation experi-
ments. In reference to USP chapter <1010> (25), a
test power of =0.8 was regarded as acceptable.

To calculate sample size, standard deviations from
pre-experiments were used to estimate sample size
required for the validation experiments with a test
power >0.8. Furthermore, post-hoc test power analy-
ses were employed to verify that test power to detect
a meaningful difference was indeed =0.8. These post-
hoc test power analyses were based on the data gen-
erated in the validation experiments, applying their
actual means, standard deviations, and sample sizes. If
for a data set post-hoc test power was <0.8, an addi-
tional test run was performed and the post-hoc test
power calculation repeated taking into consideration
the additional data. If post-hoc test power was still
insufficient, this process was repeated until sufficient
test power was reached.

The largest acceptable difference in microbial recov-
ery between the rapid method and the traditional
method was defined as 30% in reference to USP chap-
ter <1227> (24). This means that the rapid method
was required to recover at least 70% of the mean
microbial count of the traditional method. For all
experiments, the confidence level was defined as 95%
because 5% possibility of type I error seemed accept-
able.

3. Results

3.1. Risk—Benefit Analysis

Table II summarizes the process of analysis for both
methods and the identified differences. Two process
steps were found to be relevant and require validation:

incubation time and evaluation of the test result (in-
cluding staining time).
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SOP: standard operating procedure.

3.2. Validation Parameters

3.2.1. Robustness: Robustness towards different in-
cubation times as well as staining times was success-
fully demonstrated (Figure 1). The results obtained
after 72 h incubation (representing the reference
incubation time) were compared to results obtained
after 70 h and 120 h incubation, respectively. For
the incubation time, the results are not significantly
different with shorter and longer incubation times as
compared to the reference incubation time of 72 h.
Thus, slightly shorter or longer incubation times do
not lead to significantly different results. It should
be noted that the maximum incubation time covered
in this validation is 5 days (120 h), which corre-
sponds to a suitable incubation time for the TBB
test. Therefore, staining would not be required in
routine testing in such a case, and all possible
incubation times longer than 72 h but shorter than 5
days can be considered validated.

It was assessed whether the length of staining has an
impact on the obtained results. For staining times
ranging from 15 to 60 min, no significant differences
were detectable. Therefore, minor deviations from the
standard staining time of 30 min, which still are within
the validated range, can be considered acceptable. In
conclusion, robustness towards different incubation
times and different staining times was successfully
demonstrated.

3.2.2. Repeatability: The validation parameter re-
peatability aims towards demonstration that an alter-
native method consistently yields similar results if the
same experiment is repeated on different days and
times of day. For all three tested microorganisms no
significant differences were detected (Figure 2). In
conclusion, repeatability was successfully demon-
strated.

3.2.3. Specificity: The results of specificity are sum-
marized in Table III. For some strains the sample size
needed to be increased due to insufficient test power.
Additionally, in three cases one value each was iden-
tified as an outlier with the Grubb’s test and was
therefore excluded from the calculation and statistical
analysis (see footnote in Table III). For all but one
strain no significant difference between the RBB test
and the TBB test was found. Bacillus subtilis showed
a significant lower mean in the RBB test compared to
the TBB test. Nonetheless, the mean recovery of B.
subtilis by the RBB test reaches 81% of the mean
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Results for the validation parameter Repeatability. Experiments were performed on four different days for B.
subtilis, P. aeruginosa and A. brasiliensis. N = 5 for each day.

recovery of the TBB test, which remains acceptable in
microbiological testing where recoveries of 50-200%
or 70% are generally acceptable [Ph. Eur. 2.6.12 and
USP <1227>, respectively (3, 24)]. In addition, to
further investigate this result, a non-inferiority test
with the B. subtilis data was performed in order to
unambiguously demonstrate that recovery by the RBB
test is above the specified 70% acceptance criterion. In

TABLE IIT

this test, the mean recovery of the RBB test was 81%
while the lower limit of the 95% confidence interval
was 74%, that is, the lower limit of the 95% confidence
interval was within the 70% boundary (Figure 3). There-
fore, statistical proof for non-inferiority is provided. In
summary, for each individual strain included in the val-
idation, a sufficient recovery regarding the 70% accep-
tance criterion was statistically demonstrated.

Summary of the Sample Size, CFU Means (SD = Standard Deviation) for All Strains for the Validation
Parameter Specificity Including Statistical Calculations. Significant P-values Are Printed in Bold. RBB =

Rapid Bioburden, TBB = Traditional Bioburden

Sample

Size RBB/ RBB mean = SD | TBB mean = SD Test

Species TBB [CFU] [CFU] P-value | Power
Pseudomonas aeruginosa 6/6 333 40 £7 0.06 0.99
Staphylococcus aureus 5'76 534 506 0.42 1.00
Bacillus subtilis 8'/9 36 =4 45 £ 4 0.00 1.00
Escherichia coli 9/9 235 20 = 4 0.25 0.93
Burkholderia cepacia 6/6 76 = 12 72 =7 0.53 0.99
Stenotrophomonas maltophilia 6/6 33 +7 316 0.59 0.82
Bacillus idriensis 6/6 21 =2 22 =4 0.51 0.97
Bacillus clausii 9/9 54 £ 13 51 =14 0.67 0.79%
Staphylococcus epidermidis 6/6 335 33*+6 0.92 0.92
Staphylococcus warneri 9/9 38 =8 37 =8 0.80 0.87
Pseudomonas stutzeri 6/6 48 =17 41 £ 8 0.13 0.95
Kocuria rhizophila 6/6 79 =7 77 =9 0.64 1.00
Penicillium sp. 6/6 88 * 12 90 = 6 0.72 1.00
Aspergillus brasiliensis 6/5" 46 = 17 48 £ 2 0.52 0.99
Candida albicans 9/9 32 =7 358 0.45 0.90

' One value was identified as statistically significant outlier with Grubb’s test and therefore excluded from the

calculation.

% Test power was 0.01 below the specified 0.8 after performing nine replicates. However, the mean CFU recovery of
the RBB test was better compared to the TBB test. Thus, no risk that the RBB test could fail the acceptance criterion
of 70% recovery compared to the TBB test is present. A test power of 0.79 is therefore regarded as sufficient in that

case.
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B. subtilis

50 70 100 150
Recovery [%]
Figure 3

For B. subtilis the RBB method was tested against
the TBB method by the non-inferiority test at a
confidence level of 95% with a non-inferiority
boundary of 70%. With this test it could be shown
that the difference between the recovery of the RBB
lies above the 70% boundary and therefore the
recovery of B. subtilis is acceptable.

Additionally, the non-destructiveness of the staining
procedure for each individual strain included in the
validation was verified. No significant differences
were detectable when comparing the RBB test count to
visual enumeration of the same plates after re-incuba-
tion to a total incubation time of 7 days (data not
shown).

Taking into account the data generated for all strains,
statistical proof of non-inferiority of the RBB test
count after less than 72 h of incubation was provided
as compared to the traditional method, and as com-
pared to re-incubation of the same plates to a total
incubation time of 7 days. This further proves that the
reduced incubation time of 72 h for the RBB method
on basis of the Milliflex® Quantum is sufficient. In
conclusion, specificity and non-destructiveness were
successfully demonstrated.

3.2.4. Limit of Detection: The results of the limit of
detection are given in Figure 4. In all cases the 95%
confidence intervals of the traditional and the rapid
bioburden test did overlap. Thus, no statistically sig-
nificant difference regarding the limit of detection of
any of the test strains was observed. In conclusion, an
adequate limit of detection was successfully demon-
strated.

3.2.5. Accuracy, Precision, Linearity, and Range:
Accuracy was successfully demonstrated over a range
from approximately 200 to 5 CFU (Table IV and V).
No significant differences in the mean CFU values
were detectable between the RBB test and the TBB
test. For the lowest concentration of approximately 5
CFU, the test power was below 0.8, because for such
low microbial numbers the standard deviation is high
in relation to the mean. This represents a typical
feature of microbiology since no “half” CFU can exist

B. diminuta

S. epidermidis

S. maltophilia
RBB e E——
Testrun1 TBB —_— TBB
Testrun 2 RBB{ F—a—-—r

® P @

TBB ——

S S S SO SRS SO
MPN/g MPN/g
Penicillium sp. C. albicans

MPN/g
B. clausii
RBB{ Fe—m
Testrun1 TBB S
Testrun 2 RBB| +—a—
TBB —_—

Figure 4

TBB

OSSO
MPN/g

Results for the validation parameter limit of detection using the MPN approach. Results for two test runs using
six different isolates are shown. MPN = most probable number, RRB = rapid bioburden, TBB = traditional

bioburden.
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Results for the Validation Parameters Accuracy and Precision for Staphylococcus aureus with the Statistical Evaluation. For Accuracy the 2-
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! For microbial counts below 10 CFU, the standard deviation becomes extremely high in relation to the mean CFU value. Therefore, test power is by definition

very low. Because of the nearly identical mean values, we are of the opinion that accuracy was suitably demonstrated and did not further increase sample size.
2 Statistical data evaluation was not performed for each individual test run, but rather the data from all test runs was pooled. Test power calculations indicated
that this was the better approach; otherwise, test power would not have been sufficient in several occasions. By pooling the data, test power and therefore the

capability to detect statistical differences was increased.

on an individual agar plate. The coefficient of varia-
tion (relation between mean and standard deviation)
must by definition become high for low microbial
numbers. Because the difference in mean microbial
count between the RBB test and the TBB test was very
small (only 0.10 and 0.13 CFU, respectively), we are
of the opinion that accuracy was also demonstrated for
low microbial numbers.

Precision was successfully demonstrated, that is, no
significant differences regarding the standard devia-
tions of the RBB test and the TBB test were detected
(Tables IV and V).

Linearity was successfully shown for both species
investigated, that is, both the r’-values and the slopes
of the linear regression lines were within the specified
ranges (Figure 5).

In conclusion, accuracy, precision, and linearity were
successfully demonstrated. Furthermore, the obtained
data indicated that the operational range of the RBB
assay should be the same as for the TBB assay. This is
strengthened by the fact that both methods rely on
visual enumeration of microbial colonies through a
qualified analyst.

3.2.6. Equivalence in Routine Operation: Equiv-
alence in routine operation between the RBB test and
the TBB test was successfully demonstrated by paral-
lel testing of artificially spiked product solutions with
a selection of mixed cultures. Non-inferiority against a
70% boundary was demonstrated through statistics for
all product solutions and both growth media (Figure
6). Furthermore, mean microbial recovery was nearly
identical between the RBB test and the TBB test in all
cases (Figure 6). The mean microbial number was
dependent on the mixed cultures used for inoculation,
which was particularly visible for SDA, as that nutri-
ent medium does not promote growth of most bacteria.
The restrictive growth promotion of SDA was also the
reason why for calculation of the non-inferiority test a
negative binomial distribution had to be used in one
case; because no growth was observed for several
mixed cultures consisting only of bacteria, normal
distribution in contrast to a negative binomial distri-
bution did not provide a suitable approximation. In
conclusion, equivalence in routine operation was suc-
cessfully demonstrated.
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Figure 5

Linear regression analysis for enumeration of different concentrations of S. maltophilia and S. aureus. For TBB
(x-axis), the mean value was used as reference against which the rapid bioburden results were plotted. For rapid
bioburden (y-axis), the mean values and standard deviations are indicated. The linear regression line, r-value
(correlation coefficient), and 95% confidence interval of the slope are shown. CFU = colony-forming units.

4. Discussion tion and quantification, accuracy, precision, linear-

ity, range, and equivalence in routine operation was
In the present study the Milliflex® Quantum was val- performed using a combination of pharmacopeial
idated as an alternative microbiological method for strains as well as a broad selection of in-house
bioburden testing of compounding solutions for asep- isolates. The latter were used in stressed state as
tically produced medical products using the ap- indicated by Gray et al. (21). Results obtained with
proaches of USP <1223>, Ph. Eur. 5.1.6, and PDA the alternative method were statistically evaluated
Technical Report No. 33 (5-7). The aim was to reduce regarding the pharmacopeial acceptance criterion of
the incubation time from 5 to 7 days of the tradi- =70% recovery compared to the traditional method
tional method according USP <61> and Ph. Eur. [USP <1227> (24)]. Because statistical non-signif-
2.6.12 (3, 4) to 72 h. Although MilliporeSigma did icance can be due to insufficient sample size, post-
validate the method and provided a report, the risk— hoc test power calculations were used to verify the
benefit analysis showed that mainly two aspects appropriateness of the used sample size; if indi-
(incubation time, evaluation of results with staining cated, the sample size was increased. The use of test
time) needed further validation. Therefore, a vali- power calculations is highly important in order to
dation with the validation parameters robustness, not miss significant differences in recovery between
ruggedness, repeatability, specificity, limit of detec- the rapid method and the traditional method due to

Compounding solution 1 Compounding solution 2 Compounding solution 3

TSA I TSA e TSA L ——a
SDA C— SDA N — SDA f—
50 70 100 150 50 70 100 150 50 70 100 150
Recovery [%] Recovery [%] Recovery [%]

Figure 6

The RBB method was compared to the TBB method for three products that were inoculated with mixed
microbial cultures of isolates of Table I for both agar media used (TSA and SDA). The RBB methodnwas tested
against the TBB method by the non-inferiority test at a confidence level of 95% with a non-inferiority boundary
of 70%. In all cases the RBB method lies above the 70% boundary.
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insufficient sample size. Furthermore, our approach
of defining a starting sample size on the basis of
preliminary studies and prospective test power cal-
culations, followed by retrospective power analysis
and adjustment of the number of replicates if indi-
cated, allows for solid statistical assessment of the
study while keeping the manual workload manage-
able.

For all validated parameters the Milliflex® Quantum
showed no statistical lower recovery, thereby showing
its suitability to replace the traditional method and to
provide the results within 72 h instead of 5 to 7 days.
There was one exception that needed further investi-
gation. For specificity a significantly lower count of
36 = 4 CFU compared to 45 = 4 CFU was found for
B. subtilis with the Milliflex® Quantum. This differ-
ence, however, was smaller than 30% as demonstrated
through a non-inferiority test and therefore not rele-
vant in our context. Furthermore, B. subtilis is one of
the test strains used for the suitability test for a product
of interest. Thus, B. subtilis would be included in
every product-specific suitability study, and capability
of the RBB test to detect sufficient B. subtilis is
verified for each individual product. Therefore, no risk
that significant under-recovery of B. subtilis would
occur through the use of the RBB method is present.
For all other Bacilli, no differences were detectable. It
is further worth noting that our approach of using a
2-sample t-test for comparing the RBB test and the
TBB test regarding specificity may not have been
ideal. As our validation target regarding the parameter
specificity was to demonstrate recovery =70%, the
general use of the non-inferiority test would have been
more fitting. However, as the 2-sample t-test may
indicate significant differences even if this difference
is smaller than 30% (as happened with B. subtilis), our
validation approach for specificity may rather have
been overly strict.

Probably one of the most important validation param-
eters is equivalence in routine operation. In the pres-
ent study three different product compounded solu-
tions were spiked with a mixture of the strains used.
We could demonstrate statistically significant non-
inferiority of the rapid method as compared to the
traditional method. In conclusion, the RBB test on
basis of the Milliflex® Quantum was successfully val-
idated as alternative method to the TBB test.

The benefits of Milliflex® Quantum as a rapid method
are its ease of use and reliability. It also is a non-
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destructive method and therefore the isolates can be
identified if needed. Furthermore, the initial invest-
ments are moderate especially compared to some other
RMMs, and the RBB method has a small laboratory
footprint. However, the reduction of time is modest,
there is more hands-on time and reagents cost than for
the TBB method, and finally the read-out is still per-
formed by the analyst. If the Milliflex® Quantum
would automatically perform the CFU read-out and
offer an interface to a laboratory information manage-
ment system (LIMS), a much higher benefit would
result. These improvements are under evaluation at the
supplier to improve the attractiveness of the system for
routine use.

Other systems using florescent staining or intrinsic
fluorescence were validated or evaluated. Gurram-
konda et al. (26) used resazurin to enumerate bacteria.
In that case, a hand-held enumeration system was
developed for flexibility and speed. However, in their
study only Escherichia coli was used as test strain and
the application is a rapid screen for viable cells fol-
lowed by the traditional method. Irie et al. (27) show
that intrinsic fluorescence can be detected at 1 CFU
with the IMD-A from BioVigilant. A comparable sys-
tem can be used for water testing [IMD-W (Instanta-
neous Microbial Detection System for Pharmaceutical
Waters) from BioVigilant], thus the next step would
be to evaluate the ability of IMD-W to enumerate the
bioburden in bulk solutions. However, here the chal-
lenge is that the IMD-W does not count CFU units,
and also viable but non cultivable (VBNC) units are
counted as part of the bioburden.

Another application for RBB screening is the use of
flow cytometry (e.g., 28, 29). This is a very rapid
method, but there are limitations such as a high limit of
detection of approximately 100—1000 CFU (29) and
also the count of VBNC units. Flow cytometry as well
as detection of CO, and ATP bioluminescence were
evaluated by Hiom et al. (30) for their ability to detect
microorganisms in hospital intravenous pharmaceuti-
cals. They found very good correlations between the
RMMs and the aerobic microbial count in a time frame
of 18 to 72 h. But for all three methods an enrichment
phase in broth was needed, and therefore the methods
were only qualitative and not quantitative. An inter-
esting system for bioburden testing is the Growth
Direct System by Rapid Micro Biosystems. This
system is very close to the traditional method, as it
also enumerates microbial colonies on a membrane
that is incubated on agar. However, the system
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detects colonies consisting of approximately 100
individual cells, as compared to the approximately
10° cells the human eye needs to detect a colony.
Therefore, CFU are detected much earlier than by
eye, and the system is fully automated with a LIMS
interface (31).

Finally, microorganisms can be detected by polymer-
ase chain reaction (PCR) within hours using adequate
protocols. But depending on the primers used, the
detection may be very specific to a narrow microbial
spectrum and is so far mostly used for the detection of
indicator pathogenic microorganisms (e.g., 32, 33).

Before routine use, product-specific suitability tests
are needed in order to demonstrate that the method is
suitable for each product of interest. Such a suitability
study is comprised of two further points: (1) The
sample effects study determines whether the product of
interest interferes with the RBB assay. To that end, it
is demonstrated that the product of interest does not
fluoresce within the Milliflex® Quantum Reader to an
extent that reliable detection of microbial colonies
could be jeopardized. Furthermore, it is demonstrated
that the product of interest does not inhibit the staining
reaction. (2) Analogous to the TBB test, a suitable
rinsing protocol needs to be validated, which prevents
that product residues inhibitory for microbial growth
remain on the membrane. If these points are fulfilled
then the Milliflex® Quantum can be used for routine
bioburden testing.

In conclusion, the present work demonstrated that the
Milliflex® Quantum is a suitable system to enumerate
bioburden in pre-filtration bioburden solutions at a
reduced incubation time of 72 h. Validation of the
method made use of a broad spectrum of compendial
microbial strains as well as stressed in-house isolates.
The improved time-to-result is modest but can be of
high importance. Attractiveness of the instrument
could be further increased with an automated read-out
and LIMS interface, thereby reducing hands-on time
and increasing data integrity.
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