Vol. 28 No. 6 December 2016/January 2017

oPECTROSCOPY

europe

Informing European spectroscopists for over 40 years

1

p ‘.”f j 3 4§ 5\
- f {.-:. ) : —/\IM/‘
4 iy >
S RN — o
\l, s £
y X
— ~ N \ =
\§ \ \
/ > = ;3.,3:“ eSS ofs —
b ok ‘
L : D)
5
)
& £
L e .
s !
_ = £
A
N ) = ¥ fis
T
X “
N o
o i == —
be - : =
e e 2 \
, o |
A - SRR 2 f
T 5
\ \
—
b £ R
| S
X - \
£
_



{o Rosc\,o pY

N Pittcon, a leading conference and exposition for laboratory
<w,> P I TTCO N science, shines light on new technology and scientific

CONFERENCE & EXPO (N research in spectroscopy.
« Dynamic, innovative exposition
March 5-9, 201 7 + Program applies to areas such as biomedical, food science,
. nanotechnology and more
Chicago, IL
McCormick Place « 45+ Skill-building Short Courses covering topics such as

NMR, UV/Vis, Raman, infrared spectroscopy and more

Follow us for special announcements « Extensive networking opportunities

0 O @ @ Register now at www.pittcon.org

2 SPECTROSCOPYEUROPE Www.spectroscopyeurope.com


http://www.pittcon.org
www.spectroscopyeurope.com

VOL. 28 NO. 6 (2016)

Our first article ("The transparent witness:
forensic examination of glass evidence at
the Bundeskriminalamt” by Peter Weis)
is a fascinating look into the use of laser
ablation inductively coupled plasma mass
spectrometry in forensic examination of
glass fragments. These are often associ-
ated with crime scenes and easily “attach”
to any people near them. Thus, they can
be used to link criminals to their crime
and to provide information on where a
glass fragment might have originated.

Next, Ewa Sikorska and Igor Khmelinskii
describe the “Glowing colours of
foods: application of fluorescence and
chemometrics in food studies”. Whilst
the major components of food are
usually non-fluorescent, many minor
food components that affect its nutritive,
compositional and technological qual-
ity are fluorescent. Given its sensitivity,
ease of use and non-destructive nature,
this makes it useful in many applications
around monitoring food processing and
in fundamental food research.

Martin Byrdin and Dominique
Bourgeois tell us about "The
CAL(AI)?>DOSCOPE: a microspectropho-
tometer for accurate recording of corre-
lated absorbance and fluorescence
emission spectra”. Using synchrotron
radiation, the microspectrometer allows
for the correlated investigation of absorp-
tion and fluorescence emission proper-
ties of nanovolumes of proteins under
actinic illumination. The instrument
should also have applications in wide
range of applications in biology, chem-
istry, physics and technology in general.

More use of synchrotron radiation
comes from Chris Kelley, Mark Frogley,
Ann Fitzpatrick, Katia Wehbe, Paul
Donaldson and Gianfelice Cingue in
“Synchrotron infrared near-field spec
troscopy in photothermal mode”. They
describe the capability of the near-field
method to probe polymer microspheres
within a protein matrix, and present the
first infrared synchrotron radiation photo-
thermal near-field Fourier transform infra-

red spectrum from within an individual
biological cell. This establishes the feasi-
bility of hyperspectral mapping at sub-
micrometre resolution in a practical
timescale.

Tony Davies is impressed with the
NMR facilities at the University of
Warwick, UK, and he and Steven Brown
ask “What is the collective noun for solid-
state nuclear magnetic resonance spec
trometers?”.

Peter Jenks makes a welcome return
to the Quality Matters column telling
us that “Change is in the air”. Next year,
a new version of ISO/IEC 17025 will
be published, which is going to mean
changes for all those involved in qual-
ity systems.

Finally, Kim Esbensen and Claas
Wagner move “Into the laboratory... TOS
still reigns supreme” and continue to
stress that grab sampling is still an abso-
lute no-no regardless of the size of the
sampling device or the sample.
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Glass fragments provide very useful forensic
information. Their analysis by laser ablation
inductively coupled plasma mass spectrometry
and other techniques is described in the article
starting on page 6.
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The transparent witness:
forensic examination of

glass evidence at the

Bundeskriminalamt

Peter Weis

Bundeskriminalamt — KT 42, 65173 Wiesbaden, Germany. E-mail: peter.weis@bka.bund.de

Introduction: what makes
lass important for
orensic examinations?

Some people say that we live in the

glass age, and there is a point to it,

although it is equally true to say that
we live in the plastic age, the silicon
age or in the age of nano particles.

However, our modern civilised world

is loaded with glass objects—windows,

bottles, doors, tableware, illuminants,
decoration objects, touch screens and

so on. Glass tends to get broken as a

result of criminal activity—a perpetra-

tor may break the glass of a window
or a door in order to gain access to

the place that will later be called a

scene of crime, or a glass object, e.g.

a broken bottle, may have been used

as a weapon.

A combination of properties subse-
quently allows forensic examiners to
use glass traces as evidence to estab-
lish a connection, e.g. between a scene
of crime and a suspect. First, glass
produces a considerable number of
large to minute fragments when shat-
tered. Second, small glass fragments
tend to adhere to garments like the
clothing of anyone standing close to
the glass object while it breaks. Third,
glass is a homogeneous material,
which means that even microscopic
fragments resemble, to a first approxi-
mation, the same chemical composi-
tion and intensive physical properties
as the original glass object.

6 SPECTROSCOPYEUROPE

Forensic examination of
glass traces

These three aspects would not be of
much use if it was not for some sophis-
ticated analytical methods capable of
interrogating these miniscule pieces
of evidence. The method that is most
commonly used in forensic glass exami-
nations is the determination of refractive
index (RI). At first glance, this seems a bit
incongruous, because more than 95% of
the glass samples in case work are either
container glass or float glass, both of
which are soda-lime-glass, and have an
Rl between 1.510 and 1.530.

Therefore, a sophisticated method
to determine the RI of glass samples
with diameters of the order of some
0.1mm or even smaller with very good
precision and accuracy was developed,
which is described in ASTM E1967
— 11a (Standard Test Method for the
Automated Determination of Refractive
Index of Glass Samples Using the
Oil Immersion Method and a Phase
Contrast Microscope).

A glass fragment is placed onto a
microscope glass slide and immersed
in silicone oil. The temperature of the oil
and the glass fragment are automatically
altered using a heating stage, which itself
is mounted in a phase contrast micro-
scope, illuminated with monochromatic
light at 589 nm. The RI of the immersion
oil changes with temperature to a much
larger extent than the RI of the glass. At
the “match temperature” the Rls of glass

and oil are equal, and at this point, the
glass fragment is nearly invisible in the
phase contrast microscope. This temper-
ature can be detected with high precision
and translated into Rl values using a cali-
bration curve.

Measurement precisions in the order
of 1-=3x 107 can be achieved, while
the RI variations within a window pane
are normally in the order of 1-2x 107
Therefore, this method can be used to
discriminate between different soda-
lime-glass sources. Unfortunately, a prob-
ability of several percent remains that
two randomly chosen soda-lime glass
samples from different sources cannot
be discriminated based on their refrac
tive indices.

This is one reason why forensic glass
examiners developed additional meth-
ods to further increase the evidential
value of glass comparison analyses.
One possibility is to measure the refrac
tive indices not only at 589 nm, but also
at one or two other wavelengths (e.g.
486nm and/or 656nm).

Another possibility is to reanneal the
glass samples by heating them to ~550—
600°C and allow them to cool down
slowly using an oven with a controlled
temperature program, thereby removing
thermal stress from the glass samples,
and measuring the RI again after this
process. The difference between the
refractive indices before and after the
re-annealing process (Delta RI) provides
information about the thermal history of

Www.spectroscopyeurope.com
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the glass, i.e. large Delta Rl values indi-
cate that the glass was thermally tough-
ened (security glass), while smaller Delta
Rl values indicate that the glass origi-
nates, e.g, from a glass bottle or a non-
toughened window.

Further methods focusing on the phys-
ical properties of the bulk material are
density measurements and colour deter-
minations. If recovered particles exhibit
original surfaces, additional methods
for examining the surface structure and
curvature, and functional layers may be
applied. In addition to these methods,
the chemical composition of the glass
samples can be utilised to compare glass
fragments. The most frequently used
techniques in this context are scanning
electron microscopy/energy dispersive
X-ray spectrometry (SEM/EDX), micro
X-ray fluorescence (UXRF) and laser abla-
tion inductively coupled plasma mass
spectrometry (LA-ICP-MS).

Advantages of LA-ICP-MS
While pXRF and especially SEM/EDX are
limited to the analysis of major, minor
and only few trace elements, LA-ICP-MS
provides enough sensitivity and linear
range to enable the determination of
trace and ultra-trace elements (limits
of quantification are in the ngg™' range
for many elements) while determin-
ing main and minor element concen-
trations during the same measurement.
This is important when comparing float
glass samples, because the manufactur-
ers control the main and minor elements
very strictly, while the trace and ultra-
trace elements are not added to the
glass on purpose, but as contaminations
in the raw materials.

Therefore, the discriminative power
of chemical analysis using LA-ICP-MS
is much better than using SEM/EDX or
PXRF. Furthermore, irregularly shaped
and contaminated surfaces do not
compromise the measurements.

LA-ICP-MS glass

analysis at the
Bundeskriminalamt—a
short history

At the Bundeskriminalamt (BKA), the
potential of LA-ICP-MS for forensic
glass comparisons was recognised at

Www.spectroscopyeurope.com
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an early stage." A quadrupole ICP-MS
instrument was installed in 1993,
and the first ultraviolet-LA Instrument
(266 nm) in 1998. This combination of
instruments was later replaced by more
robust, reliable and sensitive succes-
sors (193nm and 213nm laser ablation
microprobes, quadrupole ICP-MS spec
trometers).

In addition to internal research activi-
ties, the Bundeskriminalamt was and
is engaged in international networks
promoting the application of LA-ICP-MS
in forensic glass casework.

Within the EU-funded NITECRIME
network (2001-2004; natural isotopes
and trace elements in criminalistics and
environmental forensics), a standard
method for the quantitative determina-
tion of elements in float glass samples
by LA-ICP-MS was developed together
with research institutes and law enforce-
ment agencies in Europe, Australia and
North America. Within several collabora-
tive exercises, it was proven that accu-
rate, precise and robust elemental data
could be obtained from different labo-
ratories around the world using widely
differing LA-ICP-MS instrumentation.
Two dedicated, matrix-matched glass
standards (FGS 1 and FGS 2) were
developed in cooperation between the
Bundeskriminalamt and Schott AG in
order to improve the accuracy and preci-
sion of forensic glass analyses.?

Between 2008 and 2011, the project
"elemental analysis of forensic evidence:
workshop and working group” (EAWG),
funded by the United States National
Institute of Justice (NIJ) focused on
the cross-validation and evaluation of
the performance of puXRF, ICP-MS and
LA-ICP-MS for the elemental analysis
of glass® and on the evaluation of the
performance of different exclusion crite-
ria.* The work of this group also led to
the publication of ASTM E2926—13
[Standard Test Method for Forensic
Comparison of Glass Using Micro X-ray
Fluorescence (u-XRF) Spectrometry]
and ASTM E2927—13 (Standard Test
Method for Determination of Trace
Elements in Soda-Lime Glass Samples
Using Laser Ablation Inductively Coupled
Plasma Mass Spectrometry for Forensic
Comparisons).

A successor group started to work on
the follow-up project “Strengthening the
evaluation and interpretation of glass
evidence using statistical analysis of
collection sets and databases of refrac
tive indices and elemental data (uXRF,
ICP-MS and LA-ICP-MS)" in 2016.

False positive and false
negative results, exclusion
criteria and evidential
value

After the application to a few cases
between 2001 and 2004, the LA-ICP-MS
method was included in routine glass
casework at the BKA in 2005. In this
context it was important to implement
a robust exclusion criterion. To this end,
two sample sets were analysed— a set
of 62 float glass samples from differ-
ent sources and 34 fragments (44 data
sets) from the same glass pane. Possible
exclusion criteria were evaluated to mini-
mise false positive results for samples
from different sources and to minimise
false negative results for data from the
same source.” A modified four sigma
criterion was chosen for casework, which
resulted in two false positive results in
1891 pairwise comparisons (error rate
0.11%) and 10 false negative results in
946 pairwise comparisons (error rate
1.06%).

Since 2005, the results from
LA-ICP-MS analyses of control samples
and non-matching recovered samples
were collected, totalling 398 samples.
We recognised 26 random matches in
79,003 pairwise comparisons, corre-
sponding to an error rate of 0.033%.
The difference to the test data set can
be easily explained by the fact that this
data collection from casework consists
of various kinds of glass (float glass,
container glass, non-float flat glass,
specialty and household glass etc.)
while the test data set is much more
homogeneous and consists only of float
glass samples.

Casework example 1:
comparison analysis

The majority of glass cases are compar-
isons between samples from a known
source related to the crime and samples
that are related to a suspect.

SPECTROSCOPYEUROPE 7
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A security van was stopped by a car.
Two masked and armed men broke
the windows of the transporter, put the
driver in chains, stole the money from
the back of the van and drove away with
the car. The driver of the van remem-
bered the brand, model and colour of
the vehicle and suspected that it was
a rental car.

The police then asked car rent-
als close to the incident whether they
owned such a car, and found a suspect
vehicle. When inspecting the car, a
police officer found glass fragments in
the profile of a tyre, and sent these to
the laboratory together with fragments
from the van's broken window. The
examinations revealed that both glass
sources could not be distinguished by
Rl measurements or by elemental analy-
sis using LA-ICP-MS. Therefore, a possi-
ble connection between the scene of
crime and the car could be established,
and the person that rented this car on
the respective day was confronted with
these results.

Casework example 2:
classification of a glass
sample
Questions concerning the classification
of glass samples are less common, but
are often interesting cases which involve
some seldom used examination meth-
ods.

During the autopsy of a victim that had
been murdered by a gun shot, a glass
fragment was found within the dead
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Figure 2. Pb, Ca and Mg concentrations of float glass, container glass and the unknown sample.

body. The fragment was sent to our lab
and we were asked from which object
the fragment could have originated
(Figure 1).

Refractive index measurements
before and after re-annealing revealed
a large Delta RI, indicating that the
exhibit was thermally toughened glass,
probably a security glass. Quantitative
elemental analysis utilising LA-ICP-MS
showed that the fragment has a
composition that is in good agree-
ment with other float glass samples.
Figure 2 depicts the results of the anal-
ysis of the sample in question, of 20

container glass samples and of 62 float
glass samples (lead concentration vs
the quotient calcium concentration/
magnesium concentration®).

The glass fragment was coated
with dark enamel on one side.
Examinations with SEM/EDX revealed
that the coating contains, among
others, the elements lead, chromium,
cobalt and copper. Similar compo-
sitions are known to be used for car
windows, nearly exclusively for non-
retractable windows (front and rear
windows, triangular windows at the
sides of the car etc.).

Figure 1. Class fragment, side view (left) and coating (right).

8 SPECTROSCOPYEUROPE
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Figure 3. SEM/EDX spectrum of the enamel coating.

Figure 4. Interference lines of a slightly curved car side window (left) and a flat glass (right).

With the glass fragment including the
original surfaces, it was possible to recon-
struct the curvature of the original glass
object by interference microscopy. A
beam of monochromic light is divided
by a semi-transparent mirror. One beam
is reflected at the original surface of the
glass fragment and the other at a very
flat reference surface. The two beams are
then recombined, resulting in an inter-
ference pattern that reveals the form of
the original surface—flat glass results in
straight, parallel interference lines, a light
curvature results in slightly curved inter-
ference lines, and strongly bent glass
surfaces (e.g, bottle fragments) resultin a
strong curvature of the interference lines.

The interference pattern received
from the glass fragment in question
showed light curvature, as would, e.g,
be expected for a window of a car.

Www.spectroscopyeurope.com

The results of the examinations indi-
cate that the glass fragment from the
body of the victim probably originated
from the rear window or from a station-
ary (non-retractable) side window of a
car. Since the fragment was found inside
the body of the victim, the deadly shot
was probably fired through such a car
window.

Current and future
developments

The application of LA-ICP-MS analy-
sis is at present limited by the mini-
mal required size dimensions of at
least 0.4mm in diameter and 0.1 mm
in thickness, although many recovered
fragments in casework are smaller and
can therefore only be examined by less
discriminating methods. Improved instru-
mentation like faster (e.g, time of flight,

VOL. 28 NO. 6 (2016)

TOF) or more sensitive (e.g., sector
field) ICP-MS instruments, laser ablation
instruments with pulse durations in the
femtosecond instead of the nanosecond
range, and adopted analytical methods
will enable the examination of smaller
samples.

The interpretation of the results espe-
cially from elemental analysis data may
be improved, i.e. by increasing the data-
base on which these interpretations are
founded and by employing more sophis-
ticated statistical models.
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Introduction

Fluorescence spectroscopy is a well-
established research and analytical
technique used extensively in many
disciplines. Fluorescence is a type of
photoluminescence; a process in which
a molecule, raised to an electronically
excited state by absorption of ultraviolet
(UV) or visible radiation, decays back to
its ground state by emission of a photon
with energy different from that absorbed.
It involves transition between the excited
and ground electronic states of the same
multiplicity, usually S;—S,, occurring at
relatively high rates, typically 108s™".

The main advantages of fluorescence
over absorption spectroscopic techniques
are its higher sensitivity and selectivity.
Light emitted by fluorescence is detected
against a low background, making fluo-
rescence spectroscopy a much more
sensitive technique than the absorption
techniques, and one which is capable of
even determining concentrations down
to parts per billion levels.

A unique feature of fluorescence,
distinguishing it from other spectroscopic
techniques, is its inherently multidimen-
sional character. Fluorescent properties
of every compound are characterised by
two basic types of spectra: excitation and
emission, while not all of the absorbing
molecules are fluorescent. These features
contribute to higher selectivity of fluores-
cence as opposed to absorption spectra.

In recent decades, a remarkable
growth in the use of fluorescence in food
studies has been observed. Characteristic
autofluorescence landscapes of products
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coupled with chemometric methods are
used as fingerprints in non-targeted food
analysis. In this article the applications
of fluorescence spectroscopy to qualita-
tive and quantitative analysis of foods are
briefly reviewed.

Early studies of food
fluorescence

The term “fluorescence” was introduced
by Sir George Gabriel Stokes, physi-
cist and professor of mathematics at
Cambridge University, who in his paper
entitled "On the Refrangibility of Light”
described in 1852 the phenomena he
called dispersive reflection, concluding
that the wavelengths of the dispersed
light are always longer than the wave-
length of the original light. One of Stokes'
famous experiments involved the study
of emission from quinine. A quinine
solution when illuminated with the visi-
ble part of sunlight dispersed by a prism
remained transparent. However, when
the quinine solution was placed beyond

the blue part of the sunlight spectrum
(corresponding to the UV region), the
solution glowed with blue light.!

Quinine is an alkaloid, found naturally
in the bark of the cinchona tree, widely
known at that time as a treatment for
malaria. Interestingly, a few years after
Stokes' discovery, Mr Erasmus Bond used
quinine as an ingredient of Quinine Tonic
Water, which he produced and patented
in 1858. In this way quinine turned out
to be one of the first food components in
which fluorescence was studied scientifi-
cally. Nowadays, fluorometric determina-
tion of quinine in tonic water is a widely
used laboratory experiment, teaching
undergraduate students the basics of
fluorimetry, see Figure 1.

Since the Hg lamp with the Wood's
filter became commercially available in
1925, visual observation of food fluo-
rescence induced by UV light has been
utilised in assessing food quality. The use
of Wood's lamp was accepted as the US
official method for detection of olive oil

Figure 1. Tonic water illuminated with visible light (left) and a UV lamp (right). The glowing blue
colour is due to the fluorescence of quinine.
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adulteration. This method used charac-
teristic chlorophyll fluorescence present
in extra virgin olive oil, detecting adulter-
ation with refined oils even then at the
level of 5%.?

The monograph Fluorescence Analysis
in Ultra-violet Light published in 1959
reviewed the application of fluorescence
for the analysis of a variety of food prod-
ucts, based on more than 400 refer-
ences published since 1911.2

The improvements in both
spectroscopic instruments and comput-
ers contributed to the development of
applications of fluorescence spectros-
copy to food analysis over the following
decades. Intensive progress in this area
started from the 1980s, when the first
applications of multivariate data analysis
methods for the analyses were reported.*

Recording fluorescence
fingerprints of foods
Fluorescence may be measured directly
on the samples, using right-angle geom-
etries for diluted solutions with low
optical densities, or using front-face illu-
mination for opaque samples.®

Food samples are complex systems;
therefore, conventional single emission
or excitation spectra are often insuffi-
cient to fully characterise their fluorescent
patterns. In such cases, multidimensional
measurement techniques are used, see
Figure 2.

In a system containing several fluoro-
phores, the emission spectra depend on
the particular excitation wavelength used
for the measurements. Thus, to obtain
comprehensive fluorescence charac
teristics, a set of emission spectra over
the range of excitation wavelengths is
recorded. The resulting excitation—emis-
sion matrix, known also as the total fluo-
rescence spectrum or the fluorescence
landscape, provides comprehensive
information of the fluorophores in the
system, being a unique fingerprint of the
sample studied.

Alternatively, food may be investigated
by synchronous scanning fluorescence
measurements, involving simultaneous
scanning of both excitation and emission
wavelengths, with a constant difference
(AX) between them. This technique
is very useful for the analysis of multi-
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Figure 2. The different fluorescence spectra used as food fingerprints. Spectra of extra virgin
olive oils are shown as an example from Reference 2 (Copyright E. Sikorska).

fluorophoric systems, because both
excitation and emission characteristics
are included into a single synchronous
fluorescence spectrum. The main advan-
tages of synchronous fluorescence spec
tra as compared to total fluorescence
spectra are their improved selectivity
and sensitivity, significant reduction in
the spectral complexity and suppressed
light-scattering interferences.®

The main characteristics of the
synchronous fluorescence spectrum
are determined by the AX value. A
set of synchronous spectra recorded at
different wavelength intervals may be
concatenated into a total synchronous
fluorescence spectrum. In such, spectra
fluorescence intensity is usually plotted
as a function of the excitation wave-
length and the wavelength interval. The
relations between various kinds of fluo-
rescence spectra of a virgin olive oil are
presented in Figure 2.

Multivariate data

analyses of fluorescence
fingerprints

Multivariate data analysis methods are
used to extract quantitative and qual-
itative information from the spectra.

Analysis of a set of conventional emis-
sion, excitation or single-offset synchro-
nous spectra arranged into a matrix
usually starts with data exploration.
This analysis does not require any prior
knowledge of the explored data, being
aimed at finding any patterns and trends
in the sample set, and detecting outly-
ing samples. The most commonly used
method for data exploration is principal
component analysis (PCA).

A calibration consists of building a rela-
tionship between the desired property of
a sample and its fluorescence spectrum.
The advantage of such an approach is
the replacement of wet chemical meas-
urements, which are usually slow and
expensive, by non-destructive and fast
spectral measurements.

The analytical problem for food qual-
ity assessment often involves assign-
ment of a particular product to a specific
category or discrimination between
products from different categories.
To perform such an analysis, super-
vised pattern recognition classification
or discrimination methods are used,
including the linear discriminate analy-
sis, k-nearest neighbours, discriminate
partial least squares regression, soft
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Figure 3. Schematic of the analysis of the excitation—emission fluorescence matrices by multi-

way methods.

independent modelling of class analogy
and artificial neural networks.

The multivariate regression methods
most frequently used in fluorescence
analysis are partial least-squares regres-
sion (PLS) and principal component
regression (PCR).

Multi-way methods are used for the
analysis of sets of excitation—emission
fluorescence matrices, see schematic in
Figure 3.

One of these, parallel factor analy-
sis (PARAFAC) is used to decompose
the fluorescence data into a number of
components corresponding to the distinct
fluorophores present in the samples.*
This analysis provides estimates of the
relative concentrations of each of the
fluorophores and their respective exci-
tation and emission profiles, facilitating
identification of the fluorescent constit-
uents. This approach, called mathemati-
cal chromatography, enables qualitative
and quantitative analysis of the individual
mixture components. N-way partial least-
squares method (N-PLS) is used for the
regression analysis of excitation—emis-
sion matrices.

Alternatively, excitation—emission
matrices may be unfolded by arranging
the data into two-dimensional matrices,
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and analysed using common multivari-
ate methods.

Applications of
fluorescence in food
analysis

Fluorescence is usually observed in
organic aromatic compounds with conju-
gated double bonds and rigid molecu-
lar skeletons. Note that the major food
components are usually non-fluorescent.
In contrast, many minor food compo-
nents that affect its nutritive, compo-
sitional and technological quality are
fluorescent. Food-relevant fluorescent
compounds include aromatic amino
acids, vitamins and cofactors, nucleic
acids, porphyrins, polyphenols and alka-
loids.

Note too that some products of food
oxidation or deterioration also exhibit
fluorescence. Fluorophores in foods also
include process-derived compounds.
Additionally, some food contaminants
such as myco- and aflatoxins equally
exhibit fluorescence. Therefore, fluores-
cence may be used to analyse all of
these aspects of food quality.

The range of quality aspects of the
food products studied by fluorescence-
chemometrics is quite wide, including

the application of both classification
and regression methods. Fluorescence
coupled with multivariate regression
data analysis has been used for quan-
titative determination of chemical,
physical and sensory food properties.
Fluorescent techniques coupled with
multivariate classification methods have
been exploited to classify or discriminate
foods according to different criteria. An
important application is the assessment
of food authenticity and adulteration, and
discriminating between foods of different
geographical origin or denominations of
origin. In fact, fluorescence has become
an analytical tool for process control in
the food industry.

For example, edible oils contain
fluorescent tocopherols, phenolic
compounds and pigments of the chlo-
rophyll group, along with oxidation
and process-derived products that
may contribute to their fluorescence.?
Important applications for fluorescence
in edible oils studies include: authenti-
cation of virgin olive oils, discrimination
between their different quality grades
and geographical origins, and detec
tion of adulteration with low-grade olive
oils or other vegetable oils. Oxidation of
olive oil, its quality changes during stor-
age, and the interaction between plastic
food packaging and olive oil have also
been studied using fluorescence. Minor
component of oils, such as tocopherols
and chlorophylls, were quantified using
fluorescence.

Dairy products contain several intrinsic
fluorophores, including aromatic amino
acids and nucleic acids, aromatic amino
acids in proteins, vitamins A and B,, nico-
tinamide adenine dinucleotide, chlo-
rophyll and fluorescent oxidation and
process-derived products.® Fluorescence
of tryptophan was investigated in dairy
products, as an indicator of the protein
structure. Fluorescence was used for
discrimination of the cheese types,
ripening stages and geographic origins.
Fluorescence correlated with the rheo-
logical characteristics of various cheeses.
Intrinsic milk fluorescence was used
to evaluate the heat treatment of milk.
Riboflavin fluorescence was used as a
marker of photo-oxidation due to light-
induced changes in cheeses and yogurts.
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Fluorescence coupled with multivariate
regression enables quantification of ribo-
flavin in yogurts.®

Meat and fish autofluorescence orig-
inates mainly from collagen, adipose
tissues, proteins and oxidation products.®
Fluorescence of collagen in meat has
been used for quantification of connec
tive tissue and collagen, and correlated
with tensile properties, tenderness and
water-holding capacity. Fluorescence
of oxidation products correlated with
lipid oxidation and rancidity of meats.
Fluorescence of dietary porphyrins
was suggested as an indicator of faecal
contamination of meats.

Fish fluorescence was proposed as
a method for detecting bones in fish
fillets and assessment of fish freshness.
Fluorescence of fish oil was suggested as
a screening method for dioxin contami-
nation.

Cereals and cereal products fluoresce
due to aromatic amino acids, ferulic acid
and riboflavin.* Fluorescence was used
for monitoring wheat flour refinement
and milling efficiency and for classifica-
tion of wheat cultivars.

Fluorescence of alcoholic drinks
is attributed to several fluorophores.
Brandies and whiskies fluoresce due to
caramel, coumarins, tannins and other
fluorescent compounds originating from
wooden casks.” Fluorescence combined
with absorption spectroscopy revealed
grouping of single-malt whiskies accord-
ing to their geographic area of produc
tion. Beer autofluorescence originates
from aromatic amino acids, polyphe-
nols and B group vitamins; contribution
of the bitter acids was also suggested,
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but not fully confirmed.* Fluorescence
was proposed for monitoring bitter-
ness and determining the aromatic
amino acids and riboflavin content in
beer. Wine fluorescence shows contri-
bution from polyphenolic compounds.
It allows classification of wines accord-
ing to variety, typicality and manufac
turer. Recently, quantification of several
phenolic compounds using wine fluo-
rescence was also reported.

In fruit and vegetables, chlorophyll
fluorescence was used as an important
indicator for their quality during harvest-
ing and post-harvesting periods.

Sucrose itself is not fluorescent, thus
the fluorescence of the impurities was
utilised in the analyses of sugar and
sugar solutions. In particular, the fluo-
rescent signals of the aromatic amino
acids tyrosine and tryptophan and
colorant polymers formed in Maillard
reactions during the sugar process-
ing were identified.” The classifica-
tion according to production site and
correlations to important sugar qual-
ity parameters were demonstrated by
directly measuring fluorescence of crys-
talline samples.

Conclusions

One of the most important features of
the fluorescence, common also to the
other spectroscopic fingerprinting tech-
niques from the practical perspective, is
its ease of use and simplicity. Different
chemical components or properties of
the sample may be determined from a
single spectral measurement. The non-
destructive fluorescent measurements
are performed directly on the untreated

samples, thus avoiding time- and labour-
consuming chemical treatment steps
and fulfilling the requirements for green
chemistry.

Fluorescence, characterised by its high
sensitivity and selectivity and multidi-
mensional character, may be superior or
at least complementary to the absorp-
tion spectroscopy fingerprinting tech-
niques in many practical applications,
and also in the fundamental research of
food systems.
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The CAL(AI)°DOSCOPE: a
microspectrophotometer

for accurate recording of
correlated absorbance and
fluorescence emission spectra

Martin Byrdin and Dominique Bourgeois
Institut de Biologie Structurale, Univ. Grenoble Alpes, CEA, CNRS, F-38044 Grenoble, France

The CAL(AI)>DOSCOPE (Cryogenic Absorption/Luminescence Alignment Independent Alternative Intermittent Detection
Optical uSCOPE) is a microspectrometer that was constructed with the aim to facilitate the correlated investigation of absorp-
tion and fluorescence emission properties of nanovolumic protein samples under modulatable actinic illumination.

Introduction
Microspectrometers are (sometimes
bulky) spectrometers specifically
designed for the study of microscopic
samples. A variety of instruments have
been developed that combine spot
sizes down to sub-microns with spec
tral ranges from ultraviolet (UV) to infra-
red (IR) for various optical spectroscopy
modalities such as absorbance, transmit-
tance, fluorescence or vibrational spec
troscopies. If, on top of being tiny, the
samples are delicate objects such as
protein microcrystals, other challenges
than just tight and achromatic focusing
arise: sample optical anisotropy, large
refractive index and demanding envi-
ronmental requirements make most
commercially available devices unsuited.
Therefore, at many places where micro-
spectroscopy is required (for example at
synchrotron sources to investigate protein
crystals), home-made microspectrome-
ters have been developed in recent years
that strive to meet the above-mentioned
challenges.!

At the European Synchrotron Radiation
Facility in Grenoble, France (ESRF), a
dedicated system based on three mutu-
ally aligned mirror objectives has been
installed ("Cryobench”)** that combines
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the absorption (A), fluorescence (F) and
Raman modalities with the possibility of
rotational adjustment of the sample (via
a goniometric support), and the option
to cool the sample down to 100K due
to a stream of gaseous nitrogen. Our
experience with the powerful possibili-
ties of this system, and the realisation
of its limitations prompted us to design
a next generation microspectrometer
dubbed “CAL(A)2DOSCOPE” which is
presented in this article. The biological
samples we study (fluorescent proteins
used as genetically encoded markers
for advanced fluorescence microscopy)
exhibit an intricate behaviour highly
sensitive to their micro-environment and
notably to their illumination history. As a
consequence, their absorption and fluo-
rescence (giving access to their photo-
physical properties) cannot be studied
independently, but rather need to be
followed (quasi-) simultaneously, requir-
ing coordination in space and time.
Existing solutions such as crossed beams
(e.g. ESRF Cryobench)* or optics rear-
rangement (e.g. SwissLightSource)® are
not fully compatible with these require-
ments. Therefore, we developed the
alternative solution of a common optical
path for both A and F, coupled to rapid

switching of light sources and detectors
by upstream mechanical shutters.

Design features of the
CAL(AN2DOSCOPE

) The CAL(AI)>DOSCOPE was designed
and fabricated by the opto-mechanics
company Optic Peter (www.optiquepeter.
com, France). The key feature of the
instrument is an optical layout in which
light beams for absorption, fluorescence
and actinic illumination are arranged
colinearly and pass through a common
objective. This layout is inspired by the
design of classical epi-fluorescence
microscopes (see Figure 1 for a sche-
matic view). It provides a solution to the
complex alignment problems encoun-
tered with non-colinear beams, for which
insertion of each new sample of finite
thickness and specific refractive index
compromises beam overlap (displace-
ment, inclination) and hence requires
reajustment. The use of a common
objective for diverse excitation/observa-
tion tasks simplifies the issue of mutual
excitation/observation alignment to
that of proper tuning of the upstream
semi-transparent beam coupling optics.
Alignment of F and A thus becomes
essentially sample-independent and can
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Figure 1. Opto-mechanical setup of the CAL(AI)?DOSCOPE. The four light-blue knobs (x, y, z, 6) serve to position the sample with respect to the
fixed top objective, the three dark-blue knobs serve to position the lower objective with respect to the sample (and hence the top objective).

be accomplished once and for all before
any measurement series. Measurement
of identical sample portions for A and F
is thus optimised by design and light-
induced colour changes or residual minor
mechanical instabilities at the sample
level no longer impact overlap.

i) Although looking like a microscope
from the outside (Figure 2), our device
has features that are optimised for a
spectrometer, notably to minimise chro-
matic aberrations. Thus, objectives are
mirror objectives (Cassegrain design),
the fibre collimators are off-axis parabolic
mirrors and the beam splitters are optical
sieves (polka dot design), ensuring a flat
spectral response. In total, the absorption
light path contains no less than seven
mirrors: one per fibre coupling (x2), two
per objective (x2), one per beamsplitter
(x1), and consequently the overall opti-
cal throughput does not exceed a few
percent.

Www.spectroscopyeurope.com

i) The highly rigid microscope stand
ensures that the pre-aligned posi-
tions of the objectives and samples
are kept stable over time. The stand
does not incorporate light sources
or detectors, except a camera for the
observation of the alignment process
and the documentation of its result.
Instead, it houses four entrance/exit
gates that can accommodate at will
fibre-coupled devices such as two
CCD spectrometers or any desired light
source. Beside tungsten and halogen
lamps, several diode-pumped solid-
state (DPSS) lasers at selected wave-
lengths between 405nm and 561nm
are aligned to a common path and can
provide stable measuring/actinic light.
Between each of the microscope’s
fibre ports and its common main opti-
cal axis, there is space for the insertion
of 1-inch circular plates such as filters
or polarisers.

iv) It is clear that for different excita-
tion/detection wavelengths, different
dichroic beam splitters are required and
for different partition of light between
the absorption and fluorescence paths,
different reflectivities of the beam split-
ters are desired. In order to achieve this
flexibility and to maintain the advantages
of the pre-aligned layout, we introduced,
again inspired by microscope design,
four-position stages at the level of each of
the beam splitters, thus allowing for one-
click repositioning between pre-aligned
elements via a slide bar (see Figure 2).

v) To avoid mutual perturbation
between the A and F modalities, we use
alternate detection. This is to say that
at any time there is either laser illumi-
nation and fluorescence detection ON
(and absorbance lamp and spectrom-
eter OFF) or vice versa. To this end,
mechanical shutters allow for temporal
synchronisation between detectors and
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Figure 2. View of the instrument. A: Overall view: the microscope stand is on the left, the laser assembly on the right, the timing electronics on the
top and the cryosystem is under the optical table. Of the two computer screens, the top one shows the camera image of the sample (for alignment)
and the one on the right shows a kinetic trace from the fluorescence spectrometer. B: Sketch of the CAL(AI)?DOSCOPE. C: Zoom into sample space:
the space between the symmetric Cassegrain objectives is large enough to house the goniometric sample holder and the cryonozzle coming from

the left. (The piece is 2€ with diameter 25mm.)

sources. The shutters are synchronised
via a Labview interface on the measur-
ing computer that also receives the data
from the spectrometers. Temporal reso-
lution is limited in theory by the open-
ing time of the shutters (about 1ms), in
practice more often by the integration
time needed to obtain reasonable signal-
to-noise ratios on the spectrometer chips
(more like 10ms). As a consequence,
photo-physical processes that evolve at
rates faster than ~100Hz are currently
beyond detectability. The quasi-synchro-
nous detection opens the possibility to
study the time course of photo-reactions
in several types of immobilised samples,
e.g. crystalline, liquid or embedded in
polymer matrices, opening the way to a
broad range of applications.

vi) In the actual layout, a significant
part of the measuring light is lost, due
to the presence of the beam splitters in
the common optical path. An obvious
improvement both in time resolution
(switching speed) and signal amplitude
(light intensity) could be obtained by
using for A/F beam separation a rotating
mirror or an acousto-optical device instead
of a beam splitter, so that the totality of
the available light could reach the active
detector (both solutions do in principle
exist, but would require further adaptation
of the mechanical design). An impor-
tant desirable development concerns
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automated sample positioning, possibly
with the option of multi-well plate scan-
ning, opening the door to high-throughput
screening of multiple samples, e.g. vari-
ants of fluorescent proteins produced by
directed evolution approaches.

Application

We look at the case of phototransform-
able fluorescent proteins: why do we
need to study these proteins under
different phases (crystalline versus solu-
tion), with A/F at the same spot at the
same time, and, moreover, under actinic
illumination?

The proteins that are studied in our
group are so-called “phototransform-
able fluorescent proteins” (PTFPs): their
A/F properties are sensitive to light and
change with illumination, a phenome-
non known in absorbance as photochro-
mism. For many practical applications
in bioimaging or biotechnology, light-
induced changes in fluorescence (exci-
tation/emission wavelength, quantum
yield) are crucial. For example, fluores-
cence that can be optically induced,
stopped or even toggled between ON
and OFF states, provides a handle to
distinguish individual chromophores
(and important intracellular biological
molecules labelled by them) and opens
the door for advances in particle track-
ing, interaction studies or super-resolu-

tion fluorescence microscopy... Many
of these exciting techniques are made
possible by the switchability of protein
fluorescence by actinic light, but the
performances of these methods depend
crucially on a precise understanding of
the photo-physical processes exhibited
by the fluorescent markers. This pres-
ents a considerable challenge and is the
reason why our CAL(AI)?DOSCOPE has
to be able to follow as many parameters
as possible simultaneously on one and
the same protein sample spot: the one
that is hit by the actinicbeam causing the
photophysics to happen. Intrinsic times-
cales of photophysical processes within
PTFPs range from (sub)nanoseconds to
hours. However, timescales relevant to
advanced microscopy are typically those
accessible by the CAL(AI)?DOSCOPE.
Photoswitching or photobleaching are
examples of photophysical processes, the
rates of which can be conveniently inves-
tigated in this way.%’

Figure 3 shows an example study of
a variant of the phototransformable fluo-
rescent protein mEos2. Absorption at
490nm and fluorescence at 512nm are
detected simultaneously under constant
488 nm actinic illumination superim-
posed to alternate light of 405nm caus-
ing fluorescence OFF and ON switching.
With advancing switching cycles, the
amplitude and the ON/OFF contrast

Www.spectroscopyeurope.com


www.spectroscopyeurope.com

VOL. 28 NO. 6 (2016)

normalized absorption / fluorescence

0.0 L~ ' : '

200 400

600 800 1000

time /s

Figure 3. “Photofatigue” of a variant of the photoswitchable fluorescent protein mEos2 under OFF/ON cycles of actinic 405nm light (violet bars) and
permanent 488 nm fluorescence excitation (cyan bar). Panel A shows the temporal evolution of absorbance (around 490 nm, orange) and fluores-
cence (around 512nm, olive) of a microdrop of an mEos2 mutant immobilised in a matrix of polyvinyl alcohol (PVA). The amplitudes are normalised
for presentation on a common scale. Panel B shows the crystallographic structure of mEos2, the parent fluorescent protein with the green “barrel”

structure housing the chromophore in red.

diminish, a phenomenon known as
“fatigue”. It can be seen that during
OFF-switching, the fluorescence decays
in a biphasic manner that differs from
that of absorption, suggesting that the
OFF-state, though not fluorescent, does
still absorb at 490 nm. Another intrigu-
ing observation is that, towards the end
of the ON-switching periods, fluores-
cence starts to diminish while absorption
continues to rise. This subtle photophysi-
cal behaviour (hinting at a photobleach-
ing mechanism induced by 405nm light
that now needs to be investigated in
detail) would be difficult to detect with
a standard apparatus and highlights the
potential of the CAL(AI)?DOSCOPE.

Conclusion

The CAL(AI?DOSCOPE incorporates in a

single instrument multiple features that

can only be found separately elsewhere:

B microscopic samples mountable on
a motorised goniometric sample
holder;

B camera-supported alignment with up
to 15x optical magnification (numer-
ically unlimited);

B quasi-simultaneous absorption and
fluorescence spectroscopy on iden-
tical sample sections of down to
10um diameter;

B access to light-induced reactions
(photo-physics, photo-chemistry)

Www.spectroscopyeurope.com

via programmable illumination of
the same spot with various actinic
sources; and

B controlled environment via continu-
ous flow of gas of choice (air, argon,
N,) at temperature of choice for the
latter (100-300K).

Overall, the modular design of the
CAL(AI2DOSCOPE allows for a maxi-
mum of versatility, adaptability and flex-
ibility.

Although originally developed to inves-
tigate fluorescent protein photophys-
ics, the instrument, thanks to its unique
combination of features, should be
useful in a much wider range of biologi-
cal-chemical-physical-technological appli-
cations.
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Synchrotron infrared near-field
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mode
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Near-field infrared (IR) spectroscopy is revolutionising molecular imaging by allowing vibrational spectroscopic analysis at the
sub-micrometre scale. We recently developed the world's first near-field IR photothermal microscope using synchrotron radia-
tion (SR), which uniquely spans a spectral range from the near-IR to the far-IR/THz. Here we demonstrate the capability of the
near-field method to probe polymer microspheres within a protein matrix, and we present the first IRSR photothermal near-
field Fourier transform infrared (FT-IR) spectrum from within an individual biological cell, which establishes the feasibility of
hyperspectral mapping at sub-micrometre resolution in a practical timescale. Photothermal near-field spectroscopy provides
both depth sensitivity and IR molecular specificity, which is ideal for organic matter/biological samples. In addition, SR gives
seamless and ultra-broadband spectral coverage superior to the bandwidth of commercially available lasers.

Introduction

Until recently, the spatial resolution in
infrared (IR) microspectroscopy was
fundamentally limited to the scale of
the wavelength due to optical diffrac-
tion and the limited numerical aperture
of the microscope objectives. Even via
synchrotron radiation (SR) IR beamlines,
where a diffraction-limited microbeam is
achievable,' orin a micro-attenuated total
reflection (micro-ATR) geometry, where
the high refractive index of, for example,
a germanium crystal in contact with the
sample enhances the magnification by
up to four times, the spatial resolution in
the information-rich fingerprint region of
the mid-IR spectrum (500-1800cm™)
is still limited to several micrometres. To
overcome the spatial diffraction limit,
near-field techniques are needed and
pioneering measurements based on tip-
scattering® and photothermal detection®
have demonstrated that, by using an
atomic force microscope (AFM) as a local
probe, IR spectra can be obtained at a
scale of just tens of nanometres. These
two revolutionary nano-IR approaches
have opened up a huge variety of
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research avenues across many scientific
disciplines.

The photothermal near-field method,?
in which IR absorption is detected by the
mechanical deflection of the AFM tip
induced by the local thermal expansion
of the sample, has several advantages: i)
the IR spectrum produced is a true linear
IR absorption; ii) it requires no numeri-
cal modelling of the signal to produce
the spectrum; iii) it is not surface-limited
in sensitivity since the whole volume of
the sample is probed. Within their limited
spectral range, latest generation IR laser
sources can provide high quality near-
field spectra in less than one minute
and, with AFM tip resonance-enhanced
techniques (RE-AFMIR), spectral signa-
tures from nanoscale areas of samples
as thin as a single molecular monolayer
have been detected.*

We recently demonstrated that the
brilliant, ultra-broadband, IRSR emitted
by Diamond Light Source in the UK can
be used to obtain near-field photother-
mal spectra by the RE-AFMIR method, at
the sub-micrometre scale® within several
minutes. In combination with the SR tip
scattering approach first realised in the

THz,® then across the mid-IR region”®
and now under development at several
SR facilities worldwide, these scientific
tools find unique applications where the
spectral bandwidth available from laser
sources is a limitation.

In this article we present new experi-
mental RE-AFMIR results from two sample
types demonstrating the unique capa-
bilities of the SR-based method. First,
we look at a sample of polymer micro-
spheres embedded within a protein layer,
from which we are able to obtain broad-
band spectra and IR images of buried
beads, and then we discuss the first data
obtained by near-field photothermal IRSR
from within an isolated human cell.

Experimental

The SR resonance-enhanced AFM-IR
system is schematically outlined in Figure
1. The broadband IR light generated from
Diamond Light Source and collected by
MIRIAM beamline B22' is collimated
into a FT-IR interferometer (Bruker Vertex
80V). This is a Michelson set up where
the IRSR beam is divided into two by
the beamsplitter and reflected off two
separate mirrors before being recom-
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bined. The moving mirror (coloured blue
in Figure 1) causes an intensity modu-
lation of the broadband beam, where
each optical wavelength is modulated at
a unique temporal frequency. The FT-IR
modulated SR beam is focused through
a fast mechanical chopper, adding a
further fast temporal on/off modula-
tion to the beam intensity. The beam is
then focused via a high numerical aper-
ture Cassegrain IR objective (Agilent
15x%, NA 0.65) through the IR transpar-
ent substrate onto the sample.

At IR wavelengths where there is an
absorption band of the material, the
absorbed light power causes a very small
temperature change (of order 10mKelvin)
and consequent thermal expansion
(sub-picometre) of the sample, which
produces a deflection of the in-contact
gold-coated silicon cantilever of the AFM
(Nanonics MV1000). The AFM laser
deflection signal from the position sensi-
tive detector (PSD) is passed into a lock-
in amplifier where only signals around the
frequency of the chopper are amplified
and therefore the weak, chopper modu-
lated, deflection signal can be recovered
within the environmental thermal back-
ground. This amplified signal still carries
the FT-IR low frequency temporal modu-
lation (interferogram), which is preserved
in the thermal expansion of the sample,
so the standard FT-IR software directly
produces an IR spectrum comparable
with conventional optical IR spectra.

Crucially, when the chopper modula-
tion frequency is tuned to a mechanical
contact resonance frequency of the AFM
cantilever® the mechanical deflection
is dramatically enhanced (of the order
100x for a typical Si cantilever); this is
key to obtain the IRSR-induced spectra
on a practical imescale of a few minutes.
The inverse of this chopper modulated
frequency defines the measurement
timescale, the thermal diffusion radius
and therefore the spatial resolution.® In
these experiments we used a harmonic
of the fundamental cantilever resonance,
between 60kHz and 100 kHz, corre-
sponding to about 1um spatial resolu-
tion® for the materials studied here.

The dedicated set up is customised
from a double infinity-corrected optical
microscope (Nanonics) allowing both
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Figure 1. Schematic of the synchrotron RE-AFM-IR experiment.

top and bottom IR illumination and a visi-
ble camera view of the sample through
identical Cassegrain objectives. The AFM
is mounted on a large-range piezo-
controlled x—y stage (PI), for precise posi-
tioning of the sample and AFM tip with
respect to the IRSR microbeam focus.
The sample is then scanned under the
tip by the internal short-range piezo
scanner of the AFM.

Polymer microbead samples were
produced by mixing protein Bovine
Serum Albumin (Sigma Aldrich) into
a de-ionised water suspension of
1.04pm polystyrene (PS) beads (Bangs
Laboratories, Inc.), then drop casting
onto a CaF, substrate and dried in air.
The preparation was tailored to produce
samples in which the BSA covered the
microbeads in most areas. The cell
samples were formalin fixed H. pylori
infected human cells (Bio-Quick Corp.)
on a ZnS substrate.

Results/discussion

Figure 2a shows an AFM topography
image of the polystyrene (PS) beads/
BSA sample recorded with an AFM tip
of <100nm (including gold coating).
The height at some bead positions is
less than 1pm above the surrounding
BSA indicating that the beads are at least
partially buried, however, from this topo-
graphical data we cannot determine if
there is BSA on top of the bead or not.
SR RE-AFMIR spectra recorded in posi-
tions on and off the beads (positions A
and B in Figure 2a) are shown in Figure
2b, with the chopper frequency opti-

mally tuned to match the contact reso-
nance in the two spatial positions. The
spectrum obtained on pure BSA shows
the expected IR bands for a protein,
which are strong Amide | and Il (1500—
1700cm™), Amide A (3300cm™"), and
relatively weak C—H and O-H stretch
bands (2750-3600cm™"). At the posi-
tion of the PS bead, the strong C-H
stretch bands of PS are observed along
with a weaker shoulder due to the C—H
bend (1425-1475cm™") also charac
teristic of PS. The equivalent far-field IR
absorbance spectra for individual BSA
and PS samples® are shown in Figure 2c,
confirming the expected spectral bands
from each material.

Strikingly, in Figure 2b, the BSA is
clearly contributing to the spectrum at
the bead location (A) and the Amide
| and Il bands are even stronger than
at the "background” position (B). This
suggests that there is BSA covering the
bead. It is worth noting that in this case
a scattering near-field IR measurement
would only be capable of detecting the
BSA, and this depth sensitivity demon-
strates one of the powerful advantages of
the RE-AFMIR approach. Figure 2d shows
the spectrally integrated RE-AFMIR signal
recorded whilst scanning the topographic
image in 20 minutes for the 10 x 10pm
scan. In this case the chopper frequency
is tuned to the nominal contact reso-
nance at the summit of the topogra-
phy. This leads to some distortion of the
RE-AFMIR image as the actual contact
resonance varies with the sample to tip
interaction changes.
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Figure 2. a) AFM topography image of PS beads embedded in BSA. b) SR RE-AFM-IR spectra
recorded at A and B. ¢) Far-field (bulk) spectra of pure BSA and pure PS. d) SR RE-AFM-IR inte-

grated signal map of the same area as a).

The ability of RE-AFMIR to resolve
the chemical information from sub-
surface beads was confirmed by imag-
ing a larger sample area, this time using
a quantum cascade laser source (QCL,
Daylight Solutions) tuned to the aromatic
C=C stretch band of PS at 1601cm™
(Figure 3). The QCL was also mechani-
cally chopped (50% duty cycle as with
the SR) at a fixed frequency of the nomi-
nal contact resonance of the cantile-
ver. The topography (Figure 3a) shows
some broad undulating features, whilst
the near-field IR signal (Figure 3b) in the
same areas is essentially flat with well-

defined individual beads now clearly
resolved. In particular, the raised region
A in the topography image is completely
absent in the IR map and several buried
beads-barely observable in topography
(B, C) appear as strong, well spatially
resolved features in the 1601cm™" absor-
bance map.

Large area RE-AFMIR imaging is also
possible in reasonable times (tens of
minutes) using the SR beam (Figure
2d) at present via the full spectrally inte-
grated signal.

For the first time, we have been able
to measure the SR near-field photother-

Figure 3. a) AFM topography of the PS bead/BSA sample. b) Single frequency RE-AFMIR image
at the 1601cm™" band of PS obtained with a QCL IR source.

20 SPECTROSCOPYEUROPE

mal spectrum from a single human cell
across the whole mid-IR region. This is
expected to be a key area of applica-
tion for the method, since the cellu-
lar organelles and structures are below
the cell membrane. Figure 4 shows the
AFM topography (a) and integrated SR
RE-AFMIR signal map (b) of a single,
fixed, bacterial infected human cell on a
ZnS substrate. The typical cell IR spec
trum, obtained in eight minutes, is clearly
detectable above the background level
of the substrate (shown for compari-
son) and with the expected features
of biological matter'® including Amide
| and Il dominated (1500—1700cm™)
by proteins, Amide A and B (3100cm™
and 3300cm™") and C—H stretch (2800—
3150cm™") normally assigned to lipids,
as well as the broad O-H band (ca
3000-3700cm™"). In addition, several
bands in the fingerprint region corre-
sponding to phosphates (DNA/RNA) and
other groups are clearly evident; specifi-
cally, the symmetric and antisymmetric
PO,-stretches (1080cm™' and 1243cm™,
respectively)'" and the CH5 bend from
proteins (1399 cm™). Some of the appar-
ent noise in the 1250-1600cm™' region
is likely due to residual atmospheric water
vapour, which has not been corrected for.
It is worth noting that no normalisation
to the IRSR beam intensity spectrum has
been performed, although this could be
done for absolute quantification of the
results. The FT-IR spectrum in Figure 4
demonstrates the feasibility of broadband
SR RE-AFMIR mapping of a complete cell.
In the current setup, at the spectral qual-
ity of Figure 4, a complete hyperspec
tral cell image over ca 15x15pm square
area will take approximately one day at
1 pm spatial resolution. As the method is
still in its infancy there is room for signifi-
cant improvement in data quality as well
as acquisition time as the technique is
developed.

Conclusions

We have measured the world's first
broadband synchrotron-based near-
field photothermal infrared spectrum
from a 1-um region of an isolated
biological cell in eight minutes, show-
ing it is feasible to measure a complete
hyperspectral map of a cell at this reso-
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Figure 4. a) AFM topography of a single bacterial infected human cell. b) Integrated signal SR
RE-AFMIR map acquired with the topography. ¢) SR RE-AFMIR spectrum from the cell in the
region of peak integrated signal (blue), compared with background spectrum from the ZnS

substrate (black).

lution within a day. Using polymer
microbeads embedded in BSA, we
have demonstrated the ability to spec
trally resolve sub-surface features. This
depth sensitivity and the direct, model-
free FT-IR spectroscopy are clear advan-
tages of the photothermal approach
over the scattering based near-field
method for many applications, whilst
the use of synchrotron radiation gives
access to a seamless ultra-broadband
spectral range (Vis—THz) currently
unmatched with laser sources. In the
future we expect improvements in the
technology to allow faster data acquisi-
tion rates and, using higher-resonance
frequency cantilevers, spatial resolution
approaching 100 nm.
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A few weeks ago saw the University of
Warwick in the UK Midlands host a very
successful two-day conference for the
AkzoNobel analytical science commu-
nity with attendees from the UK and
Europe. It is not my intention to adver-
tise any particular location for running
conferences or to present anything of
the content of the meeting, but as part
of the event we enjoyed interacting with
some of the staff of the superb facilities
the University has available to support
non-Warwick-based researchers to use
supporting Open Innovatione.

Background

Amongst some excellent science seen
on our tour, the solid-state nuclear
magnetic resonance spectroscopy (NMR)
facilities at Warwick stood out; not only
due to the large number of magnets,
eleven (maybe the collective noun could
be “Kettle” as used for many hawks?),
but also the attitude and approach of
the staff.

Interestingly, the solid-state NMR
facility is located within the Physics
Department. This was described as
essential due to the complexity of the
mathematics involved (seems like a chal-
lenge, chemists!). These facilities are in
addition to the strong NMR Spectroscopy
presence in the Chemistry Department
with four open access 300 MHz and
400MHz instruments and four high-field
instruments at 500 MHz, 600 MHz and
700 MHz.
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Why is solid-state NMR
so different?

For those who do not practise solid-state
NMR, it is worth reviewing why this field
is so different from its liquid-state cousin.
The easy answer is “it isn't”. The interac
tion between the nuclei of the atoms
in the sample and the magnetic fields
applied by the spectrometer and the
superconducting magnet are the same.
However, what makes solid-state NMR
a field worthy of placing in a different
faculty is time and anisotropy.

Within an NMR spectrometer, the elec
tromagnetic field is strongly directional. It
interacts with the rotating nuclear spins
as long as there are isotopes which
contain an odd number of protons and/or
neutrons, which give an intrinsic magnetic

moment and angular momentum to the
nuclei. As the applied field is directional
and the magnetic moment of the nuclei
is also directional, you would expect to
have different interactions depending on
whether the fields align or not; similar to
a polarisation experiment in optical spec
troscopy. This is where time comes in. In a
standard solution-state NMR experiment,
the sample molecules are rapidly moving
around compared to the time scale of the
experiment. This averages out the aniso-
tropic interactions so you normally get
nice narrow signals to interpret. In solid
samples the motion is no longer present,
so the different orientations of the mole-
cules in the solid sample to the applied
field cause a large broadening of the
observed signal.

Figure 1. The UK's National Facility's 850 MHz wide-bore magnet hosted at Warwick.
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This is not to say that this broaden-
ing necessarily has to be avoided, as it
is carrying interesting structural orienta-
tion information about the sample being
analysed. If you are looking for liquid-
NMR-like narrow peaks for your sample
interpretation, there is a simple experi-
mental way to eliminate the broaden-
ing by imitating the averaging motion
in solution-state NMR: rapidly rotate the
sample. This so-called magic angle spin-
ning succeeds in averaging out some
of the broadening, but is only partially
successful. However, in the age of the
Internet, this column cannot be allowed
to descend into a beginner's guide to
solid-state NMR, so let us move on to
why solid-state NMR is such an impor-
tant facility to have maintained as a state-
of-the-art Open Innovation resource.

Applications

As suggested above, the root causes of
the broadening which are lost in conven-
tional solution-state NMR can be useful
in solid-state NMR, providing structural
information on the solid being measured.
The higher field strengths give access to
a wider variety of more complex exper-
iments probing macromolecular and
domain information often unavailable by
other techniques. These include interac
tions between nuclei across space rather
than through bonds, crystal domains and
defects, hydrogen bonding, and supra-
molecular structures. Although biological
applications are often headline-grabbing,
many industrial materials science ques-
tions are capable of being addressed
through solid-state NMR.

Clearly, the complexity of the systems,
and especially the dynamic biological
systems, require advanced computing
and modelling capabilities as well as the
necessary hardware. All this investment
would be wasted if a vastly more impor-
tant foundation were absent. The most
precious resource of all is the scientific
staff capable of operating the technical
side whilst displaying the people skills
to successfully communicate and inter-
pret the needs of their varying customer
base. | found it interesting that one of
the duties of the facility manager—along-
side all the technical responsibilities
you would expect in such a role—was
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“Promoting a positive and welcoming
feel to the Facility”. This has often been
overlooked when staffing and operating
national-scale facilities in the past. The
successful long-term use of such facili-
ties often relies on the building of strong
open relationships between the staff and
their customers whether in industry or
"rival” academic institutions.

With EU-originating funding playing a
key role in the establishment and ongo-
ing world-class delivery of this facility, it
is sobering to read the eloquent submis-
sion to the House of Commons Science
and Technology Committee in August on
the potential effects of the Brexit vote.?

Computing

The results of the various experiments are
usually processed using the vendor soft-
ware. However, for a facility aligned with
the Open Innovation agenda | was inter-
ested in how the data is distributed and
made available to their customer base.
Non-critical data is served to the user
community through a dedicated data
archive server off-spectrometer. Those
wishing to process the data themselves
can do so by downloading their data to
their local IT environments and work using
the standard vendor software at their own
locations. Many research institutions do
not have their own NMR data processing
capabilities and, where this is the case,
the facility will assist in providing access
to the necessary software.

For industrial partners or those with
heightened secrecy requirements on [P
or other grounds, their own data dissem-
ination routes are set up to meet their
specific needs as necessary.

Conclusions

Six years have passed since the UK
850 MHz Solid-State NMR Facility was
original opened and they are currently
halfway through their current 3+ 2-year
funding period (Figure 3).

The facility has quite a complex
management and oversight structure,
which is very transparent in its operations.
Their 2015 report, for example, publishes
their Customer Satisfaction Survey which,
as someone tied up in evaluating such
exercises over recent years, reads very
well.* I think the future of this facility post-

Figure 2. UK NVR nobility turnout for the
original symposium celebrating the open-
ing of the UK facility in 2010. Steven Brown
is the scientist smiling happily on the very
left of this group, to his left is the then chief
executive of EPSRC, who are the principal
funding agency (with partial support from
BBSRC), with others compromising the then
National Management Committee.

Brexit with the timing of their subsequent
funding rounds and broad international
scientist population may well serve as a
potential bell-weather for a post-Brexit UK
science landscape. They need to be able
to keep up with, for example, the invest-
ment available to their colleagues in a
country with a much lower GDP such as
the Netherlands highlighted in 2013.% It
would be a tragedy if they end up scratch-
ing around for cash to keep the facility
open rather than concentrating on deliver-
ing world-class science like our colleagues
in the uncertain world of Canadian High
Field NMR facilities.

So, going back to the original conun-
drum at the top of the article, maybe we
should be looking at proposing “Wisdom”
as the collective noun (after a Wisdom of
Wombats—for those who love the added
alliteration!). Hopefully, wisdom will also
shape UK government funding policy in
a post-Brexit world and they will deliver
on their promises that overall funding for
such facilities will not suffer and we will
not see the smile wiped off Steven's face.
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Just as in the political arena, the world
of chemical metrology is poised on
the brink of fundamental change:
a new International Standard, 1SO/
IEC 17034, General Requirements
for the Competence of Reference
Material Producers was published on 1
November 2016: this means that over
the next three years all existing certified
reference material (CRM) producers,
presently accredited to a combina-
tion of ISO REMCO Guide 34 and the
International Standard ISO/IEC 17025,
General requirements for the compe-
tence of testing and calibration labora-
tories, and together sometimes referred
to as the “Gold Standard”, will have to
migrate their accreditations to the new
standard.

In 2017, a new and fully revised
version of ISO/IEC 17025 will be
published. This means all labs presently
accredited to ISO/IEC 17025 will, over
the next couple of years, have to review
their quality systems against the new
version of the standard. We will look at
the differences between the old and
new versions in a future edition!

As regular readers of this column
will know, one of the requirements of
ISO/IEC 17025 is that wherever possi-
ble CRMs be used by accredited labo-
ratories for the calibration of analytical
systems, the validation of analytical
methods and as a part of on-going qual-
ity assurance.

Since the early 1990s, as more
and more testing laboratories sought
and achieved accreditation to ISO/IEC
17025, demand for CRMs increased
beyond the ability of the national metrol-
ogy institutes to respond. Accordingly,
commercial production of CRMs gath-

24 SPECTROSCOPYEUROPE

ered pace, but at that time there was
no formal route to accredit producers. It
was felt that accreditation to a combina-
tion of ISO/IEC 17025 and I1SO REMCO
Guide 34 would at least ensure CRM
production could be accredited whilst a
new standard was developed.

It took far longer than expected,
almost 10 years, to work out quite
how to migrate an ISO REMCO Guide
into an ISO/IEC Standard, but in 2014
ISO REMCO and ISO CASCO agreed a
procedure that resulted in an ad hoc
ISO CASCO Working Group AHG3 being
established. The first meeting was held
in Geneva in December 2014. Progress
was relatively rapid and the new ISO/IEC
standard was published at the end of
2016, preceeded on 26 October 2016
by the adoption of the new Standard by
European Committee for Standardization
(CEN, French: Comité Européen de
Normalisation), thus paving the way for
it to become a European Standard. Also,
in late 2016 ILAC agreed to develop a
global mutual recognition agreement
(MRA) for reference material produc
ers accredited to ISO/IEC 17034: this
should come into effect during 2018. At
the same meeting ILAC agreed with ISO
that there would be a three-year transi-
tion with accreditation to I1SO Guide 34
ending on 31 October 2019.

In the UK, UKAS has started a detailed
gap analysis comparing the old Guide
34 with the new Standard to help
prepare accredited laboratories, and also
in early 2017 UKAS will start training for
evaluators and peer evaluators from
other accreditation bodies. This prep-
aration phase means that accredited
producers can be prepared to migrate
to the new standard during 2018. Any

producer that does not migrate in the
second year will be informed that if they
do not complete accreditation to the
new standard by 31 October 2019 their
accreditation will lapse.

During early 2017, UKAS will add
accreditation to I1SO/IEC 17034 to their
ISO/IEC 17011 Scope, so that by the end
of 2017 they expect to be accredited to
offer accreditation to the new standard.
It is worth note that the revised version
of ISO 17011 includes the concept of
accreditation to a flexible scope, so that
all accreditation bodies can, if they wish,
offer accreditation to ISO/IEC 17034
with a flexible scope. As there has been
much debate within the accreditation
community about the use of a flexible
scope in association with accreditation
to I1SO Guide 34 it remains to be seen
if there will be universal uptake of this
aspect.

The new ISO/IEC 17034 standard
contains one very significant change
from the old combined accreditation,
and facilitates one crucial development.

The change

It has been generally accepted that
until now a CRM producer must hold
the dual accreditation of ISO Guide
34 + ISO/IEC 17025: to hold an 1SO
17025 accreditation required an analyt-
ical laboratory, so all CRM certifica-
tion bodies had to have an accredited
analytical laboratory. The new ISO/IEC
17034 standard allows the CRM certifi-
cation body to use third party analytical
laboratories; provided they are accred-
ited to ISO/IEC 17025 and the scope of
their accreditation is appropriate. So with
the publication of the new standard, the
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door is opened allowing organisations
previously unable to achieve accredi-
tation as a CRM producer to enter the
market place.

Demand for CRMs is growing, rapidly.
This growth, in significant double digits,
is driven by the accreditation of more
and more laboratories to 1ISO 17025 and
this is, in turn, a consequence of a never
ending drive to analytical quality. That
new producers will be more easily able
to achieve accreditation should extend
the availability of CRMs, which is to the
advantage of all striving to achieve good
analytical data.

The development

Although accreditation to the combined
“Gold Standard” is well accepted by
national accreditation bodies in Europe
and North America it has not been able
to achieve an ILAC global MRA cover-
ing CRM production as some national
accreditation bodies have not accepted
that it is possible to accredit to a Guide.
As mentioned above, the arrival of ISO/
IEC 17034 and the accreditation of CRM
producers to this standard paves the
way for an ILAC MRA, facilitating the use
of CRMs everywhere.

Into the future

These changes will bring an additional
workload to national accreditation bodies
and their clients and much will cascade
down to the technical auditors, with-
out whom accreditation would not be
possible. Satisfying the technical aspect
of a surveillance visit can be a daunt-
ing challenge and this is something that
we would like to help you with. It gives
me enormous pleasure to be able to
announce that my long-time colleague,
Alan Nichols, has agreed to join the
"Quality Matters” team and write on the
use of RMs and CRMs from the perspec
tive of an accreditation body technical
auditor.

I have known Alan since the early
1990s when he ran the Reference
Materials Division of Radian Corp., a
small specialist business in Austin,
Texas, in the USA. Alan had gradu-
ated from the University of Texas in
Austin and took his profound interest
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in organic synthesis to Radian. Back in
the 1980s, demand for environmen-
tal reference materials was growing
and Radian won a contract with the US
Environmental Protection Agency (EPA)
to produce reference materials and
Alan was responsible for the synthesis
of many compounds of environmen-
tal interest. Working in partnership with
Cambridge Isotope Laboratories Inc.,
Alan pioneered the synthesis of many
stable isotope labelled dioxins and
furans. Radian went on to replicate this
success developing reference materials
for forensic analysis, which is when | first
met him in Germany in 1994.

In the late 1990s, seeking a new chal-
lenge, Alan moved to the United States
Pharmacopeia where after a spell in
marketing he took over the produc
tion of USP Pharmaceutical Reference
Substances.

In the late 1990s, Alan concluded
that life in Washington, DC, was not
everything and moved to Laramie,
Wyoming, USA to join RT Corporation: at
that time | was working very closely with
RTC, running their European subsidiary,
and with Alan and Bob Rucinski, RTC's
owner, had come up with a concept to
develop a range of secondary certified
reference substances, traceable to the
USP Primary RS and certified for purity
as a CRM. This innovative programme
attracted the interest of Sigma Aldrich
Corp, now Merck KgAA, and in February
2011 RTC was acquired by Sigma Aldrich.
So Alan and I joined Sigma Aldrich.

In 2012 Alan was asked to relocate
to the Sigma Aldrich Supelco facility in
Bellefonte, PA, USA, to upgrade the RM
production facility to meet the require-
ments of ISO Guide 34 and ISO/IEC
17025 and achieve accreditation to the
“Gold Standard”. Achieving an accredi-
tation is one thing, upgrading the
thousand or so RMs to CRM status is
another, but this was done by late 2015
and in early 2016 Alan retired. He now
works as a metrology consultant and
Lead Assessor for ISO/IEC 17025, ISO
Guide 34 and ISO/IEC 17043.

Alan has an unmatched experience in
both CRM production, accreditation and
quality management: | look forward to
his future contributions to this Column.
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Into the laboratory... TOS still
reigns supreme
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This column has so far treated primary sampling from lots in all shapes, forms and nearly all sizes—but the lots treated have
all been larger than the typical sample on the laboratory bench. The main lesson from the previous 11 columns was simple
and powerful: all types of lots in this size range and all types of materials can be sampled based on the exact same princi-
ples, codified in the Theory of Sampling (TOS). Lot size, material, form... in a crucial sense do not matter, all that matters
is the degree of heterogeneity that has to be counteracted by the sampling process. With one exception, however, lots that
move... dynamic lots. The arena of process sampling will be treated in full in just time, but here-and-now the focus shall be
on completing the realm of stationary lot sampling, by closing the lot size range. With this and the next column we are finally
moving into the laboratory focusing on smaller and smaller lots. It does not matter that occasionally some of these operations
will take place in the field (think of a large primary sample conveniently being split down in the field with obvious transpor-
tation or other advantages). For systematic convenience we shall treat all stages and operations performing sample splitting
etc. as taking place in the laboratory—without loss of generality.

Representative
sampling—a scale
invariant endeavour
Sampling of small lots of the size typi-
cal of the work taking place on the labo-
ratory bench, sub-sampling, sample
preparation, final aliquot extraction...
all involve a greater-or-lesser part of
sampling of the same kind as has taken
place before the lot in question arrived
in the laboratory (indeed sub-sampling is
nothing but sampling). The unifying prin-
ciples promulgated by TOS are all with
one aim—to make sampling from hetero-
geneous materials as simple as possible
with the imperative of being representa-
tive, at all scales. This is simply a continu-
ation of applying the same TOS principles
all the way from the primary lot to the
final analytical aliquot. Thus, one of
the most powerful unifying governing
principles in TOS is that representative
sampling is scale invariant. The physi-
cal dimensions of the sampling tools
change so as to be commensurate with
the lot size. However, the essential issue
is that the sampling process at all times
(and scales) is 100% focused on how to
counteract heterogeneity (Figure 1).
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Another of TOS" simplifying princi-
ples is that any reduced mass of the
original lot (of course preferentially a
representative sample thereof) can be
viewed as a lot in its own right. This
means that at any sampling stage one
may temporarily view the current lot as
a "primary lot” from which to extract a
primary sample (if this is advantageous).
This “local viewpoint” is obviously not

a statement meant to disregard the full
pathway, on the contrary. But this local
focus leads directly to the understanding
that one is faced with exactly the same
challenges as when facing the original
(larger) primary lot. The local lot is still
heterogeneous with all the same ensu-
ing issues... in fact it is only the size of
the contemporary lot that is different,
nothing else. The sampler is still facing

Figure 1. The laboratory—the realm of the spatula. At this ultimate stage of the long sampling
pathway from the original lot, significant sampling errors can still crop up, mostly due to a faulty
understanding that if the material appears homogenous this justifies grab sampling, spatula
sampling. NOTHING could be further from the truth, however.
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Figure 2. The phenomenon of heterogeneity is intrinsic to each lot material (always displaying

both a compositional as well as a spatial component, CH and DH). For this understanding, which
determines the necessary sampling process (composite sampling always—never grab sampling),
it does not matter what came before. It is actually immaterial that of the “lots” depicted only

panels F, G and H are primary lots—all other panels depict samples from a particular later stage in

the generic “from-lot-to-aliquot” pathway.

the same fundamental problem as when
facing the original lot size: how to extract
a representative sample from a hetero-
geneous sample? The lot in question just

happens to be smaller than its original
precursor.

But since the problem is identical, so
are the optional solutions: representa-
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Figure 4. Sampling tool size is set to match
the lot size first, but the key function of any
sampling tool is always to counteract the
material heterogeneity present (CH, DH); see
also Figure 3.

tive sampling is scale invariant. It is
only the sampling tools that will have
to change their physical dimensions—
everything else remains identical. There

Figure 3. Mesoscale grab sampling (left) vs micro-scale in the lab. (right)—what is the difference? This is the wrong question, at the wrong time and
at the wrong place (scale)—what matters is that heterogeneity follows suit all the way to the final aliquot extraction. It truly does not matter whether
the human eye can discern any material heterogeneity, or not—60+ years of experience allows TOS to state categorically that all materials are signifi-
cantly heterogeneous and shall therefore be treated accordingly. This insight actually makes all of sampling immensely easy: act as if all lots, all materi-
als, at all scales are always heterogeneous.
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Figure 5. Even at laboratory scales, segregation may present serious heterogeneity problems.
Composite sampling is imperative, with the critical proviso that all increments must cover
(counteract) heterogeneity in the vertical direction (see previous SE Sampling column on “spear
sampling”). The exact same principles apply in the laboratory as everywhere else.

Figure 6. Perhaps the world's most misplaced sub-sampling call: in the process of crushing care-
fully collected 12kg composite field samples (>16 increments, as illustrated), assisting students
were told by the analytical laboratory head to “forget all this TOS stuff—the usual procedure here
is to select a lump the size of what is needed for further treatment and only crush this mass
instead of all the silly 12kg" (the indicated lump is circled—20g). Luckily the students involved
were sufficiently competent w.r.t. TOS to have the courage to neglect such “advice”. There is a
(sacred) reason why the field composite samples weighed in at a minimum of 12kg—specifically
to counteract the very troublesome field heterogeneity encountered. The suggestion to skip the
crucial full laboratory crushing stage would have produced a ~600 times smaller sub-sample
(12,000 / 20), essentially grab sampling at this sub-sampling stage, which would have elimi-
nated the primary composite sampling objective with a 100% certainty. The mind boggles at the
incompetence of the analytical laboratory head!
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may, or there may not, be a smaller
heterogeneity in the lot now residing
on the laboratory bench, depend on
the preceding sampling process, i.e.
whether some sort of splitting was
invoked or to which degree mixing was
part of a composite sampling proce-
dure etc. This is actually not even an
important issue—what is certain is that
also all sub-samples of original heter-
ogeneous lots are also themselves
intrinsically heterogeneous. There
can, therefore, be no slacking of the
demands for representativity at any
smaller scale than the size of the origi-
nal lot (Figure 2).

These issues are emphasised with the
aim to disallow any-and-all arguments
that may be levelled in order to try to
justify that different sampling demands
reign at the significantly smaller labo-
ratory scale or that different types of
sampling equipment are needed, or
acceptable, at this scale in the labora-
tory realm. Following the logic of TOS
there can be no other demands to either
procedures or equipment at the labora-
tory scale as at all higher scales. TOS's
six governing principles and the four
Sampling Unit Operations recognised
by TOS are the only tools available with
which to address sampling—at all scales
(Figure 3).

This understanding has many,
perhaps at first silly manifestations
and consequences, e.g. a digger, or
a front loader, with a one-ton front
grabber is identical to a spatulal
Identical in the way it may be used
wrongly to perform grab sampling if
only one increment is extracted and
wrongly pronounced as a “sample”. It
is the faulty grab sampling procedure
(one increment only) that is identical,
albeit performed with radically differ-
ent sized implements (one ton vs a
few grams, perhaps). In this context a
digger—is a front loader—is a spoon—is
a spatula (Figure 4)!

As with all inherent sampling char-
acteristics (governing principles, unit
operations, sampling equipment) the
task of the competent sampler is to look
behind the superficial manifestations—
to find out whether apparent sampling
usages actually comply with the simple
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“Sampling Hall of Shame”, all in good
time.

The example in Figure 6 points force-
fully to the issue that there must always
be a unified sampling responsibility all
the way “from-lot-to-aliquot”, of which

AU

Figure 7. A show of futility. Shown here are genuine sampling and sub-sampling tools in a
professional analytical laboratory. The issue was which tool is optimal for final analytical aliquot
extraction: spoon vs spatula (the fork is supposed to be a mixing implement)? The mind again
boggles at the incompetence revealed—grab sampling reigned supreme even at this ultimate,

smallest scale.

(6+4) demands of TOS, or not. If not,
it will never be possible to qualify a
particular sampling process as repre-
sentative, no matter how “ingenious”,
“smart”, “labour-saving”, “practical”... at

first sight.

Size does not matter—
only heterogeneity, and
how to counteract it

Figures 5-7 give a few illustrations, all
from the laboratory realm. Enjoy how
there is absolutely no difference here
with respect to examples presented in
earlier columns relating to larger scales.
Once the simplicity of the governing
principle: “representative sampling is
scale-invariant” has been comprehended
in full, a massive empowerment ensues.
Size never matters again—only heteroge-
neity.

It is fair to state, however, that this
insight has not always been present in
the gamut of scientific, technological
and even occasionally in the sampling
literature. A plethora of examples
from the literature exist to justify the
preceding harsh statement, but it
suffices to present but a few spec
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tacularly illustrative cases here. The
matter presented above also occupies
a central role in later columns under
diverse headings, e.g. “Sampling Hall
of Fame” and, perhaps more so, in

more later.
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doi.org/10.1021/acs.analchem.5b03574
K.H. Esbensen, “Materials properties: hetero-
geneity and appropriate sampling modes”,
J. AOAC Int. 98, 269-274 (2015). http://
dx.doi.org/10.5740/jaoacint.14-234

K.H. Esbensen and C. Wagner, “Theory of
sampling (TOS) versus measurement uncer-
tainty (MU) — a call for integration”, Trends
Anal. Chem. 57, 93-106 (2014).

E. De Andrade, K.H. Esbensen, M.C.
Fernandes and A.M. Lopes, "Amostragem
representative para uma quantificao precisa
de sementes geneticamente modificadas”,
Ed by PS. Coelha and P. Reis. Agrorrural —
Contributos Cientificos, pp. 604—615 (2011).
ISBN 978-972-27-2022-9

L. Petersen, C. Dahl and K.H. Esbensen,
“Representative mass reduction in sampling
— a critical survey of techniques and hard-
ware", in Special Issue: 50 years of Pierre
Gy's Theory of Sampling. Proceedings:
First World Conference on Sampling and
Blending (WCSBT), Ed by K.H. Esbensen
and P. Minkkinen, Chemometr. Intell. Lab.
Sys. 74, 95—114 (2004).
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