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This article provides an overview of
how the Theory of Sampling (TOS) is
becoming a valuable guide for on-line
analysis and monitoring [by near infra-
red (NIR) and Raman spectroscopy]
of pharmaceutical powder mixtures.
Inspiration has come from a most unex-
pected source—the mining and miner-
als processing industry! The sampling
requirements in a gold mine may well
seem totally irrelevant for pharmaceu-
tical scientists and technicians. The
materials processed in these industries
are so unbelievably different that it
begs belief—beyond the fact that both
industries produce high value products.
Historically, TOS was developed within
the mining and the minerals extract-
ing/processing industries, “surely”
outside of the realm of pharmaceutical
applications. However, it turns out that
the governing principles and sampling
unit operations of TOS applies equally
well to pharmaceutical processes as
these are, but streams of matter that
have a certain heterogeneity (residual
heterogeneity) after effective mixing.
The issues described in this column
show how well TOS is also able to
address the powder sampling difficul-
ties that have plagued the pharmaceu-
tical industry for a long time.'™ In fact
TOS is becoming a powerful enabler in
this realm.
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Background
These difficulties in the pharmaceuti-
cal sector have a.o. been reflected in
the US Food and Drug Administration's
withdrawal of a draft guidance for blend
uniformity and non-approval of a second
draft guidance.®” The withdrawal of the
first draft guidance on blend uniformity
in August 2003 coincided with indus-
try-wide discussions on the merits
of the Process Analytical Technology
(PAT) initiative as a means for design-
ing, monitoring and controlling all phar-
maceutical processes.? The resulting PAT
guidance was followed by the cGMPs
for the 21 Century (cGMPs, current
Good Manufacturing Practices) as an
invitation to apply the most advanced
science and technology to pharmaceuti-
cal production.” The time was right for a
new approach; bringing in TOS as a new
type of guide allowed focus on the criti-
cal element of representative sampling—
an element that had been almost totally
lacking before.*'0™

What happens before spectral acquisi-
tion is equally important as analysis!

Sampling vs analysis for
moving material streams
NIR or Raman spectrometers used for
monitoring a moving material process
are not isolated from the process. The
spectra obtained critically depend on

how the material is handled before or
at signal acquisition. If a pharmaceuti-
cal blend is segregated before spec
tral acquisition, the NIR spectrum will
be adversely modified because it will
not represent a correct volume of the
compound composition of the stream.
TOS provides a definition of sampling
as mass reduction of the lot by selec-
tion of a certain subset of operative
units (increments) with the purpose—
not always fulfilled, unless one knows
exactly what is to be done—of obtain-
ing a representative sample. This is
only possible when the conditions of
sampling correctness and sampling
precision are respected). For general
TOS information, see References 12—14
and further references herein.

However, here is a point: in the realm
of on-line analysis, all steps performed
before a spectrum is obtained influence
the sampling-and-analysis acquisition.
It is not uncommon to see presenta-
tions, or published articles, that state
that sampling is no longer an issue, in
fact claim that sampling is eliminated
by using on-line spectroscopy. Nothing
could be further from the truth, however,
sampling is still very much involved.
There is always some sort of sampling
taking place before, or when, analy-
sis is taking place, the process analy-
sis case is no exception. These issues
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are discussed in detail in Esbensen &
Paasch-Mortensen.'® An analytical aliquot
is either produced through a represent-
ative sampling/sub-sampling-sample
preparation process (from lot-to-analy-
sis), with the result that the content of
the aliquot is analysed; the essential
issue here is that the aliquot is placed in
the analytical instrument—the analyst is
in complete control of the minute analyti-
cal volume. Or the spectroscopic signal is
acquired, on-line or in-line, through the
use of a “flow-through cell”.

But there is a crucial difference
between a sample cell and a sampling
cell.

Flow-through cells for
aggregate powders a.o.

It is empowering to analyse PAT issues
within the context of the Theory of
Sampling (TOS). There are a number
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Figure 2. Schematiciillustration of principal issues pertaining to on-line NIR process analysis of
flowing powders. In the present column we focus on the incomplete analytical volume that is
often established using traditional flow-through cells, causing significant IDE and IEE (Increment
Delineation and Extraction Errors). TOS analysis of this configuration also reveals that the spectra
acquired are only representing the surface of the stream, not a complete across-stream, full depth
volume.

of potential issues associated with the
on-line spectral acquisition mode for
flowing powders and other types of
aggregate materials''® (these will also
be the theme for later columns in this

series). For now, it suffices to indicate
how this relates to the situation of flow-
ing pharmaceutical powders.

Figure 1. Example of a simple NIR spectroscopy flow-through cell. For fluids and solutions flow-
through cells rarely pose problems regarding representativity. The situation is very different for solid
mixtures, however. Original photo by Mr Christian B. Zachariassen, reproduced with permission.
See C.B. Zachariassen, J. Larsen, F. van den Berg and S.B. Engelsen, “Use of NIR spectroscopy and
chemometrics for on-line process monitoring of ammonia in low methoxylated amidated pectin
production”, Chemometr. Intell. Lab. Syst. 76, 149—-161 (2005), https://doi.org/10.1016/j.chemo-
lab.2004.10.005, for the work behind this photo.
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Figure 2 shows a state-of-the-art
continuous manufacturing operation,
employing flow-through analysis by NIR
spectroscopy. This setup, however, has
two principal limitations, as all the flowing
material does not have an equal oppor-
tunity of being sampled/intersected for
analysis—due to Increment Delineation
Errors (IDE). Material that flows on both
sides of the focused NIR beam (panel
right) is never analysed. According to
TOS, this is a breach of the Fundamental
Sampling Principle (FSP). Also, the NIR
radiation interacts mostly with the first
1-2mm of the powder material only,
which means that the acquired spectrum
is not capable of representing an entire
cross-section of the powder blend.'%”18

Composite sampling
(conventional physical
sampling)

Pharmaceutical blends will always have
some degree of residual heterogeneity
regardless of how well they are mixed.
TOS serves a guide for physical sampling
and analysis of powder mixtures, when
stating that both material heterogeneity
and the adequacy of the sampling
procedure employed are sources of
significant sampling errors, which are
to be suppressed as much as possible

SPECTROSCOPYEUROPE 23


www.spectroscopyeurope.com
https://doi.org/10.1016/j.chemolab.2004.10.005
https://doi.org/10.1016/j.chemolab.2004.10.005

VOL. 31 NO. 5 (2019)

(preferentially eliminated completely,
where possible). There is only one way
to go about this.

One of the most important aspects
of TOS is that it is possible to counter-
act heterogeneity through compos-
ite sampling (combined with effective
mixing when this possible in the process
context). The objective of compos-
ite sampling is not primarily a larger
compound sample size, or a larger light
beam footprint with which to interact
with the blend. Composite sampling is
primarily about extracting a number of
increments specifically to “cover” the full
volume of the lot. In the case of process
monitoring, the lot is a predetermined
process interval. By acquiring NIR spec
tra from a number of locations along
the process stream, a very effective
composite sample is aggregated, to be
subjected to analysis. Depending upon
the number of increments decided upon,
the composite sample naturally will also
be a larger sample which is always better
with respect to representativity.

The composite sample is either
brought to the analytical lab, where it is
very likely subjected to appropriate sub-
sampling, mixing a.o. pre-analysis steps,
before, in the end, a representative
aliquot is analysed (“physical composite
sampling”). In other words: the contents
of the sample cell is analysed.

Or, in the process analytical realm
(the PAT regimen), spectrometric anal-
ysis is performed on-line in a suitably
designed sampling cell, allowing for
a series of spectra representing serial
increments to be obtained and aggre-
gated ("NIR composite sampling”). This
is where TOS' unveiling of unnecessary
IDE/IEE assumes a critical role, because
these will impart a sampling bias from
which there is no escape once permit-
ted. The role of TOS is, as always for
any sampling system, to guide towards
unbiasedness and sampling variance
minimisation.'012-1619=21

NIR spectroscopy
composite sampling
Provided the spectroscopic sampling
issues outlined above have been
adequately resolved,'®"'® an unbi-
ased “optical composite sample” will
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have been obtained using NIR or
Raman spectroscopy; for example,
when multiple spectra of a flowing
blend are averaged. As an example,
16 or 32 individual scans, represent-
ing 16 or 32 optical increments, may
be averaged as a very good composite
sample for a flowing powder mixture.
At the same time, 100 or more spectra
may be obtained for each calibration
blend, preparing the way for a perfunc
tory multivariate calibration of a NIR
prediction model. In this way, multi-
ple TOS-correct spectra of all calibra-
tion blends will be available covering
the whole process lot in question. This
has been termed a “two-step sampling
composite” approach, which is now
commonly used in NIR spectroscopy
by many researchers.' The critical
success factor for this approach to work
adequately is that all the physical—opti-
cal sampling issues indicated above
were indeed resolved to a level of “fit-
for-purpose” representative. Often in
today’s PAT applications, however, this
demand is violated because the spec
tra involved in the averaging only repre-
sent the surface of the stream to a
certain, non-complete, depth and may
also be afflicted by incomplete cover-
age of the flowing stream in the trans-
verse direction, Figure 2. Unfortunately,
this deficiency cannot be rectified after
the fact by whatever chemometric data
modelling may be used; as is argued
in detail below.

Blends need to flow to
become tablets

Pharmaceutical blends are seldom the
final process product, which usually
are capsules or tablets. Pharmaceutical
blends must flow from a blender to
a tablet compressing machine. This
powder flow provides the opportunity
for Lot Dimensionality Transformation,
one of the governing principles of TOS.
For the full pharmaceutical production
process, the material within a tumble
blender would require sampling in
three dimensions to access all parts
of the blender, but there are numer-
ous, very serious issues associated with
this.!19-22 Sampling from a blender is
no longer considered adequate, ibid.

However, when the mixed mate-
rial flows through the feed frame of a
compressing (tableting) machine, one
dimension dominates in space and time,
if/when all spectra are obtained across
the full width—depth of this focused flow-
ing lot. This is much easier to obtain in
the feed-frame than anywhere else,
because here the flow is restricted to the
smallest thickness obtainable throughout
in pharmaceutical powder transportation.
In this case, the material has been trans-
formed from a 3-D lot (blender) to a 1-D
lot (feed frame). The transformation to
1-D also makes it possible to perform
variographic analysis, obtaining an esti-
mate of the sampling and analytical
errors involved.'92*725 Much more on
these powerful aspects of TOS involve-
ment in NIR spectroscopy PAT applica-
tions in later columns.

Fundamental Sampling
Principle—feed frame
A critical demand from TOS is that all
parts of the lot have the same oppor-
tunity of being sampled (Fundamental
Sampling Principle). This demand is diffi-
cult to meet with the current location of
spectroscopic approaches used to moni-
tor pharmaceutical process, due to limi-
tations in the depth of penetration of the
radiation a.0. as illustrated in Figure 2.
The feed frame, shown in Figure 3, is
the last place to apply on-line sampling-
and-analysis before the powder enters
the tableting dies, and this location actu-
ally facilitates the most relevant meas-
urements of blend uniformity, with
respect to the tablet's drug concentra-
tion."” The powder wheel speed distrib-
utes the incoming blends within the
feed frame in a process that is equiva-
lent to generating a composite sample.”
The powder flow dynamics inside the
feed frame cause a wave behaviour that
promotes rearrangement of particles
(optimal final mixing) that also contrib-
ute to increasing the probability to all
parts of a lot have the same opportu-
nity of being sampled."*'> The NIR probe
localisation must be carefully selected to
obtain a reproducible measurement regi-
men and to avoid any stagnation of the
powder flow.'*'® Real-time monitoring by
NIR or Raman spectroscopy of powders
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Figure 3. Tablet press feed frame with in-line API measurement location indicated, “NIR probe

location”. API: Active Pharmaceutical Ingredient.

within the feed frame of a compressing
machine is currently the best approach
for meeting the Fundamental Sampling
Principle (FSP).%67%!

Continuous mixers (continuous blend-
ers), shown in Figure 2, also provide a
constant flow of material that may be
analysed through variographic analy-
sis.'®2?> A continuous mixer provides
a dynamic 1-D lot with one dominant
dimension along time. Here variographic
analysis has been used to decouple the
sampling and analytical errors from the
true process variability in continuous
manufacturing *%3%33

Riding the wave

The above outlines many exciting possi-
bilities for interaction between NIR spec
troscopy, chemometrics and TOS; reports
from this front are currently showing up
with increasing speed in the dedicated
literature. The advantages of continuous
manufacturing are now widely recog-
nised.** More aspects of the above
scenarios shall be presented in later
columns.

Consequences for
multivariate calibration/
evaluation

The above issues have critical implica-
tions for multivariate calibration and vali-
dation as used in chemometrics. What
is far from always fully understood and
acknowledged is that conventional
root mean square error of prediction

Www.spectroscopyeurope.com
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Figure 4. Unsatisfactory, “too broad” disper-
sion around a “predicted vs reference”
relationship for a particular NIR spectroscopy
calibration. A call for “more samples” will only
serve to substantiate the same dispersion,
and can, against common misunderstand-
ings, never lead to a reduction in RMSEP.

(RMSEP) estimates [the adverse conse-
quences of using root mean square error
of cross validation (RMSECV) have been
presented®] includes all error compo-
nents, not only measurement errors
stemming from NIR or Raman spec
troscopy. Specifically, RMSEP includes
all sampling errors that have been
incurred in the on-line PAT signal acqui-
sition process if not properly reduced or
eliminated in the design and operation
of flow-through cells.'® These TSE (Total
Sampling Errors) very nearly always
dominate overwhelmingly over the strict
Total Analytical Errors (TAE).

This has the consequence that a
broad dispersion surrounding a particu-
lar “predicted vs measured” relationship
("too broad"” for prediction satisfaction),

can in no way be rectified by calling
for “more samples”. This is abundantly
clear from the fact that “more samples”
will be impacted by the very same TSE
+ TAE as those currently involved in
the calibration/validation. Thus “more
samples” will not work; more samples
of the same kind are equally afflicted
by the same levels of TSE + TAE. There
is a full discussion of all these issues in
Reference 35.

The only remedy for this case, which
unfortunately is quite prevalent in the
NIR/Raman-chemometric realms of
multivariate calibration/validation, is to
master TOS to a degree that will allow
one to make improvements to the
sampling + analysis systems employed
(in 99 out of 100 cases this will be
because of sloppy sampling practice).

Significantly, the pharmaceutical,
the NIR/Raman spectroscopy and the
chemometric fields have recently seen
publication of didactic literature with
full initiation to these critical success
factors.>'635

TOS to the forel!
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