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Sampling in pharmaceutical manufacturing—Many
opportunities to improve today’s practice through the
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This overview discusses sampling at different stages of pharmaceutical manufacturing—and why. The pharmaceutical industry
primarily uses grab sampling. In spite of the need to know exactly the status of pharmaceutical processes and products, there are
only a very few pharmaceutical applications where principles in TOS has been applied so far and representative sampling solutions
are consequently often lacking. But this translates into many opportunities to improve pharmaceutical manufacturing. The authors
have embarked on a large-scale programme to introduce proper sampling approaches within this important industry sector.

harmaceutical manufacturing is
generically first concerned with
production of a drug, usually
referred to as the drug substance
or active pharmaceutical ingredient (API),
which is followed by a process where the
APl is mixed with excipients to manufac-
ture the dose units of the drug product.
API production typically includes reactions,

crystallisation, solvent washes, centrifu-
gation and drying steps. This may involve
synthesis of a small molecule API, a fer-
mentation process for an antibiotic, or the
bioprocessing of large proteins. In-process
characterisation of the API production con-
stitutes the first stage of sampling in the five
pharmaceutical processes shown sche-
matically in Figure 1.

The second sampling is located at
the end of the API production process.

Reactor During API

Production

AN

A

& Dl ==

* Reaction products (liquids, crystals)
nutrients in biotechnology plants.
solvent residues).

Incoming raw materials &
Packaging material.

Incoming

— — — —

— |
(Identify, analyze for purity, water
content. particle size distribution)

API, excipients & packaging materials

Sample During API Production

= Suspensions (cell nutrients in biotechnology plants) and cell
* Powders (particle size distribution, crystal form, impurities, and

In-Process mixtures
(formulation)

= water cong, crystal form,
N and other critical quality

End of API Production
Powder (purity, process
impurities, PSD, solvent
residues, crystal form)

End Pharma

Process

o~ D0
O Q Cr“j) Analysis of Unit
Cfs\:;’\\"\« Dose for API &
P )= N | water conc,
OC\Q'&J

Determine APl &

attributes.

Figure 1. Flow path of the generic pharmaceutical manufacturing process with the principal

sampling locations indicated.

Sampling is here performed on a drug
substance with a high purity. For example,
many “small molecule” products are char-
acterised by purity higher than 99% (w/w)
to avoid possible secondary effects from
impurities. Even though API purity is high,
these are not “homogeneous products” and
their detailed characterisation is essential in
terms of both chemical and physical prop-
erties. The APl must be analysed very care-
fully to determine its chemical properties,
for their concentration of impurities, water
content or and solvent residues.

Note that instead of what could appear
to be a trivial case for sampling (a high
purity substance) the focus is on the
most difficult case: very low concentra-
tions of impurities, necessarily with a sig-
nificant heterogeneous distribution. The
physical properties, i.e. particle size and
crystal form are also needed. Many API
have limited solubility, for which reason a
reduced particle size is needed to improve
the rate of dissolution. Crystal form also
affects solubility as exemplified by the well-
known Ritonavir case, involving a drug
which failed key dissolution tests and for
which the original crystal form could not
be obtained after production of 240 lots—
which caused a drug shortage of a life-
saving medicine.” The Ritonavir case was
likely caused by a low-level degradation
product that served as a template for the
lower solubility form. Thus, even if the drug
was greater than 99% (w/w) pure, differ-
ences in low level impurities, water content
or crystal form throughout the lot may very
well have serious effects on the product’s
performance.
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The APl is usually transported to a sepa-
rate facility where the drug product, or for-
mulation, is manufactured. The dose unit,
which a patient receives, is only rarely the
pure API. Instead the API is typically mixed
with excipients to develop a formulation that
is called the drug product. The third stage
of sampling (Figure 1) is performed to iden-
tify the API before it is used at the manu-
facturing facility where the formulation is
prepared. Sampling is also required here to
identify and characterise the excipients that
will be mixed in to obtain the desired formu-
lation, and all packaging materials that will
come in contact with the pharmaceutical
product must also be characterised. The
APl and excipients are frequently identified
by mid-infrared spectroscopy since each
compound has a unique spectrum in this
wavelength region.?

Near infrared (NIR) spectroscopy is
used extensively in pharma to identify and
characterise incoming raw materials even
though the differences in NIR spectra are
more subtle than those observed in mid-IR
spectroscopy. This is a task which is greatly
helped by involving chemometrics, espe-
cially applying multivariate calibration and
proper validation.®* NIR spectroscopy is
also able to discern between raw materials
on the basis of the differences in their physi-
cal properties.® The sampling and identifica-
tion of these materials is a required cGMP
regulation, and Section 211.84 (a) states:
“Fach lot of components, drug product
containers, and closures shall be withheld
from use until the lot has been sampleq,
tested, or examined, as appropriate, and
released by the quality control unit.”

History has proven that this sampling
stage is vitally important. In 2006, at least
100 citizens (mostly children) tragically died
in Panama after consuming cough syrup
prepared with di-ethylene glycol instead of
the specified glycerin. One mid-infrared or
NIR spectrum could have avoided this trag-
edy, but none of the five companies that
brought the material from China to Panama
analysed the material.® We here emphasise
this incident, as a stark reminder that proper
sampling and proper analysis are key com-
ponents of due diligence. TOS certainly has
a key role to play within the pharmaceutical
industry.

After they are satisfactorily identified,
excipients play a major role in pharma-
ceutical formulations. For context, some
APl are extremely potent and 1mg may
be sufficient to obtain a therapeutic effect.

But 1 mg as a direct drug delivery is not
handled easily by a patient, which is why
excipients are used as diluents to obtain a
dose unit with a greater tablet mass. Phar-
maceutical formulations very often involve
mixing of excipients and one or more API;
sampling of these mixtures constitutes the
fourth stage of sampling in the pharmaceu-
tical manufacturing pathway. Approximately
80% of pharmaceutical dose units sold are
solid oral dosage forms (tablets, capsules),
due to the convenience of administration of
this type of drug delivery. The solid form is
also important to obtain a drug product with
a longer date of expiration, as API are typi-
cally more stable in the solid state than in
the liquid state. It is typically powder mix-
tures, the most prevalent results from the
mixing of the API and excipients that are
used to form tablets and capsules. Sam-
pling of in-process powder mixtures as well
as of the final dose units are mandated by
the current good manufacturing practices
(cGMPs), and the API concentration must
be determined in both stages.

The final drug product or dose unit is also
analysed. Sampling of the drug product at
the unit dose constitutes the final stage of
sampling in pharmaceutical manufactur-
ing. Dose units from throughout the entire
production batch are sampled and sent to
the quality control lab for analysis. Most of
the analyses are mandated to be performed
with High Performance Liquid Chromatog-
raphy (HPLC), which requires breaking up
tablets and capsules for extraction of the
APl from the formulation. These sample
preparation steps require time and only
10-30 dose units are usually analysed
per lot (typically a lot can have 3,000,000
or more tablets/capsules). The traditional
discussion of sampling for final dosage
forms characterisation has very much been
focused on the number of samples that are
needed to fully evaluate the drug content
of the individual units. These are areas in
which traditional statistics is well applied,
but it is unfortunately not always the case
that the analytical data supplied to statisti-
cal treatment are proven to be representa-
tive—TOS to the fore.

Within pharma the importance of sampling
is clearly acknowledged, e.g. by Brittain,
“Samples are therefore defined as the units
upon which a program of testing is con-
ducted.”” The effectiveness of all quality

control activities depends on the samples
acquired, or, in clear text: if ever there were
a context in which only representative sam-
ples are acceptable, the pharmaceutical
manufacturing pathway must rank among
the most important examples—health and
lives are at stake.

But in spite of this general recognition,
application of the Theory of Sampling (TOS)
in pharmaceutical production is very lim-
ited.>"® Brittain does make reference to
Gy’s work in his widely accessible article,
but TOS may in this, as well as in many
other industrial sectors, often have been
perceived as relating more to the mining and
metallurgical industries, and not to pharma-
ceutical applications because at that time
the major successful examples and case
histories mostly still came from this sector.
Regardless of the reasons and the very few
articles that apply TOS to pharmaceutical
formulations, TOS is unquestionably a criti-
cal asset also for pharmaceutical manufac-
turing as discussed further in this article and
in several companions to be presented at
WCSBY.

This section describes the regulatory
requirements in the current Good Manu-
facturing Practices and European Commis-
sion Rules related to sampling. There are
many similarities between these regulations
and those of the World Health Organisa-
tion and other agencies. Pharmaceutical
cGMP and European regulatory require-
ments emphasise that “written procedures
must be followed to obtain representative
samples”. The procedures must specify
the number of containers to be sampled,
the amount of material to be taken, and the
need for appropriate statistical criteria for
component variability, confidence intervals,
and the degree of precision required. The
cGMPs also indicate that if it is necessary to
sample a component from the top, middle
and bottom of its container, these sample
sub-divisions should not be composited for
testing."” The European rules indicate that
“the identity of a complete batch of starting
materials can only be ensured if individual
samples are taken from all the containers
and an identity test performed on each
sample.” "* These requirements are quite
understandable given concerns for the
identity of incoming raw materials. Finally,
the materials shall be withheld from use
until the samples are analysed by the qual-
ity control unit.



In the cGMPs a representative sample
means a “sample that consists of a num-
ber of units that are drawn based on ratio-
nal criteria such as random sampling and
intended to assure that the sample accu-
rately portrays the material being sampled.”
The European rules do not define a repre-
sentative sample, however. Representative-
ness criteria, as detailed in TOS, are miss-
ing in these regulations.'""* The cGMPs
also never discuss “sampling correctness”,
and never make a distinction between sam-
ples and specimens. However, the cGMPs
(CFR 210.1) does clearly specify that the
regulation contains the minimum current
good manufacturing practice. Thus, addi-
tional emphasis and scientific approaches
proven (otherwise, elsewhere) to lead to
unambiguous  representative  sampling,
such as described by the Theory of Sam-
pling, are principally not beyond the scope
of the regulations.

Sampling associated with
sample thieves—and its many
difficulties

Adequate analysis of excipients and API
powder mixtures is required by cGMP regu-
lations. Powder mixtures are extracted from
blenders, an operation that overwhelmingly
has been performed with the use of sam-
pling spears, called sample thieves in the
pharmaceutical manufacturing realm. Fig-
ure 2 illustrates the traditional approach for
using thief sampling from a V-blender. Usu-
ally a fixed number of samples are required
(6 or 10); we treat the details of thief blender
sampling in a WCSB7 contribution."® The
sample thieves employ pre-set cavities to
assure that the powder mixture extracted
has approximately the mass of a single
dose unit, which from a “consumer” point of
view appears as a very reasonable demand:
the analytical result must pertain to the dose
unit the patient receives, but see Reference
13 regarding the fundamental sampling
error (FSE).

The use of sample thieves emanates
from the understanding that there could be
“dead spots”—areas of incomplete mixing
and drug agglomerates within the blender.™
The emphasis has been on protecting the
patient from a possible over-potent or sub-
potent dose unit and identifying these units
within the blender, and then improving the
blending process to minimise the risk. The
Blend Uniformity Work Group composed
by members of industry, academia, and
the FDA developed the stratified sampling
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Figure 2. Sampling thieves are used extensively to extract single samples from blenders with
various fixed geometrical schemes.'® Left: large V-blender used in pharmaceutical industry; right:
expanded view of sample thief and die cavity.

guidance to address these concerns. Strat-
ified sampling was defined as “the process
of selecting units deliberately from vari-
ous locations within a lot of batch or from
various phases or periods of a process to
obtain a sample.*® Stratified sampling of the
blend and dosage units specifically targets
locations either in the blender or through-
out the compression/filling operation, which
have the higher risk of producing failing
content uniformity results.”’®

It will come as no surprise for the TOS
community that careful evaluation of sam-
ple thieves has shown that they are most
often unable to furnish representative sam-
ples. Thus, there are many opportunities
to improve the sampling and evaluation of
powder mixtures through the use of TOS
with respect to eliminating ISE and/or FSE.

TOS has for too long not been recognised
as an essential component in modern phar-
maceutical manufacturing implementations.
The present authors are currently collaborat-
ing extensively in this endeavour, focusing
on the liberating opportunities of basing pro-
cess monitoring (mixing process in particu-
lar) on a rational basis of introducing vario-
graphic analysis and characterisation.

Sampling in PAT—sampling

with non-destructive methods
In 2004, the FDA published the famous
Process Analytical Technology (PAT) Guid-
ance, starting a well-planned effort to bring
the latest science and engineering prin-
ciples into pharmaceutical manufacturing

to improve the quality of pharmaceutical
products.'® PAT requires careful study of
the API or formulation processes to under-
stand what process parameters can affect
the quality of the product. These critical
parameters are then measured during the
process with sufficient frequency so that the
information obtained can be used for feed-
forward process control and quality assur-
ance. Such PAT measurements can be
simple, e.g. as concerns a reaction where
the critical parameters are temperature or
pH, and these can then be controlled. They
may, of course, also be more complex and
typically require spectroscopic methods
for determination of drug concentration in
a powder mixture or suspension for exam-
ple.>" Spectroscopic methods are often
described as real-time, non-destructive
methods, since they are able to provide
measurements quickly and do not require
dissolving samples (which is common for
the majority of chemical analyses).

Being able to perform measurements
precisely of the critical process, or product
parameters constitute a continuous qual-
ity assurance process. PAT is now seen as
part of the wider Quality by Design (QbD)
initiative since the objective is to design pro-
cesses to achieve quality and avoid relying
on inspection and reliable removal of non-
compliant products.

PAT represents significant progress in
pharmaceutical manufacturing. However, in
this realm of “advanced manufacturing” the
basic principles of TOS are still important,
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Figure 3. The “no sampling” fallacy in PAT. The NIR spectrometer is optically sampling the powder within the blender through a sapphire window. Left: tum-
ble blender and wireless NIR spectrometer that rotates with the blender. The spectrometer obtains a signal for the material but only to a depth of less than
2 mm below of the window shown on the right. The remaining part of the material is not analysed. The assumption is that the vigorous mixing/blending
allows for a meaningful averaging of the signal characterisation of the whole volume. This is a lab-scale system; typically manufacturing tumble blenders are
much larger, which introduces ever greater scale-up issues.

and sadly, still aimost lacking.® A spectro-
scopic method is still analysing only a very
small part of the mass of the entire lot.
Thus, the spectroscopic method is in effect
doing “optical sampling” of the lot, through
the interaction of electromagnetic radiation
with a particulate matter, but the acquired
spectra represents nothing but grab sam-
pling of very small masses; the likelihood
of a significant FSE is very high indeed.
Figure 3 shows a wireless NIR spectrom-
eter affixed to a tumble blender. The NIR
method is able to obtain spectra of the
powder passing across the sapphire sen-
sor window but only to a depth of approxi-
mately 2 mm. Spectroscopic signal acqui-
sition is eliminating the physical process of
removing a sample from the process, but
does not at all eliminate sampling errors
to influence the final analytical results. The
issue revolves around to which degree a
“signal” represents a full cross-section or
the pertinent volume of the moving mat-
ter, which has been treated in detail else-
where.®

The system shown in Figure 3 leads to
a very interesting situation since the het-
erogeneity of the system is being reduced
as the blending progresses. Although the
system is not able to sample the entire

cross-section, as blending progresses
new material will reach the window of the
spectrometer. To the degree that blending
is sufficiently effective, the Grouping and
Segregation (GSE) error will be significantly
reduced.

Regulatory agencies will also expect an
estimate of the sample mass analysed.
This sample mass may be estimated taking
into consideration the depth of penetration
of the light, the density of the sample and
the number of spectra that are averaged in
the analysis.®

The location and placement of the spec-
troscopic equipment and its interfacing with
the process is essential for the success
of any PAT implementation. The result-
ing spectra could be sampling only the
materials next to the interface while the
bulk (inner) composition is not analysed (a
clear breach of the fundamental sampling
principle, FSP). The spectroscopic method
would then be analysing some of the sam-
ple all the time generating an increment
delimitation error (IDE), opening up for an
inconstant sampling bias. If this happens
the spectroscopic sampling is again no
better than physical grab sampling. There
is a real need to improve the installations
for the spectroscopic methods, and install

systems capable of evaluating an entire
cross-section of the material.®

Assuming a spectroscopic signal can
be made representative, each would then
correspond to an increment (classical TOS
style). Now the spectroscopic sampling
approach is opened up for a strategy of
aggregating several increments to form a
problem-dependent composite sample;
all spectroscopic methods permit averag-
ing any number of spectra (“scans”). This
opens up for regular process sampling
approaches, well-known from TOS, in
which variographic analysis allows estimat-
ing the necessary number of increments to
be composited to force the total sampling
error (TSE) below a desired threshold (fit-
for-purpose representativeness), e.g. Refer-
ences 18-21.

The PAT initiative has brought significant
challenges in the validation of these non-
destructive, real-time methods. Regulatory
authorities require that analytical methods
be validated. Validation is the term used in
the pharmaceutical industry for the study
and documentation of method accuracy,
precision, range and scope of use of the
method—which is precisely the total ana-
lytical error (TAE) in TOS parlance. Valid and
reliable determination of TAE is a challenge



for any dynamic process where samples
are continuously changing, such as a mix-
ing, drying or milling processes. Validation
will involve efforts to compare the results
of the real-time method to those of an off-
line method where samples are sent to the
lab. This comparison appears simple, but
too often the sample analysed with the PAT
method is not the same that is brought to
the lab.” Examples of this particular issue
are legion in many PAT implementations in
industry, where the focus has all too often
mostly been on the new on-line analytical
possibilities and their effective calibration/
validation within a chemometric context.’

Current PAT methods include thorough
evaluations of the total analytical error (TAE),
but not of the minimum possible error,
MPE, which includes the much more domi-
nant TSE (total sampling error). Thus, there
are many opportunities for improving PAT
approaches through the use of variographic
analysis providing estimates of the nugget
effect and thus the sum-total (TSE + TAE).
TOS has not at all been recognised as an
essential component of modern pharma-
ceutical applications.

The present authors intend to change this
perception by a systematic innovation pro-
gram collaboration, three presentations of
which will appear at WCSB7.'%##%

TOS has not been incorporated in the
pharmaceutical industry to any significant
degree—yet. There exist numerous oppor-
tunities for improving existing manufactur-
ing practices, e.g. by eliminating bias-gen-
erating errors (ISE) both regarding physical
sample extraction and/or when the PAT ini-
tiative is brought to bear. The most imme-
diate advantage would appear, though, to
be introduction of variographic analysis for
optimal process monitoring and TSE + TAE
control.

In the longer term we expect to see PAT
methods where the entire cross-section of
moving streams of matter is analysed. This
will require careful design of instrument
sample interfaces and improvements in the
design of spectrometers.
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