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Near infrared (NIR) spectroscopy can probe material and speci-
mens requiring deep sample penetration without substantial 
preparation. NIR is based on the absorption of photons at wave-
lengths in the range 780–2500 nm and is used to measure mo-
lecular overtone and combination vibrations within these ranges. 
As in most spectrometers, light is passed through diffraction 
grating to separate it into individual wavelengths through a 
sample to the detector. The results are a spectrum of trans-
mittance at NIR wavelengths. 

At first, NIR instruments were add-ons to UV-vis 
spectrophotometers before becoming stand-alone systems 
focused on chemical analysis. Now, monochromators 
and fiber optics have allowed NIR analyzers to be used 
in medical and physiological diagnostics, and in research 
in kinesiology, rehabilitation, and neurology. Industries 
have also made use of NIR analyzers for bioenergy, forestry, 
building materials, textiles, and quality assurance. A large 
portion of NIR instruments are used for food to analyze 
crops, meat, dairy, beverages to ascertain finished product 
profiles of density, moisture, protein, oils, and carbohydrates. 

The total market for NIR was measured at about $470 
million in 2019 and is expected to reach over $570 million by 
2024. The fastest growth within this segment is from portable/
handheld NIR analyzers, which is expected to top $100 million 
in demand by 2024. Scanning & Diode array NIR analyzers 
account for the largest segment. Environmental and food 

industries make up over a third of demand by application in 
2019 and will continue to be the fastest growing segment due 
to increased adoption in agriculture. Leading suppliers of NIR 
instruments are Bruker, Foss, and Thermo Scientific.

Market size and growth estimates were adopted from 
TDA’s Industry Data, a database of technology market profiles 
and benchmarks covering laboratory and process analytical 
instrumentation that are updated quarterly. It also includes 
data from the 2020 Instrument Industry Outlook report from 
independent market research firm TDA. For more information, 
contact Glenn Cudiamat, president & CEO, at (310) 871-3768 
or glenn.cudiamat@tdaresearch.com. 

Market Profile: Near Infrared (NIR) Spectroscopy

Environmental/
Food
38%

Applied/Other
2%

Industrial
28%

Academia/
Government

12%

Pharma/Bio/CROs
20%

2019 NIR market demand by industry

NEWS SPECTRUM

Winter Conference Lifetime Achievement 
Award in Plasma Spectrochemistry 
Presented to Scott Tanner
Scott D. Tanner is the 2020 winner of the Lifetime Achievement 
Award in Plasma Spectrochemistry, sponsored by Thermo 
Fisher Scientific. The award was presented on January 13 at 
the 2020 Winter Conference on Plasma Spectrochemistry in 
Tucson, Arizona. 

Tanner received his B.Sc. and PhD degrees from York 
University in Toronto, Ontario. He held positions at Sciex 
(Framingham, Massachusetts), the University of Toronto, and 
DVS Sciences (now part of Fluidigm). His contributions to 
the inductively coupled plasma–mass spectrometry (ICP–
MS) community were substantial, focusing on the study 
of the fundamentals of ICP ion generation, dynamics, and 
transport, including prognostications on space charge and 
its implications for analyses; the development of the dynamic 
reaction cell for removing polyatomic ion interferences; and 
the development of ICP time-of-flight instrumentation for 
single-cell cytometry and subcellular imaging.

Spectroscopist Eileen Skelly Frame Dies
Eileen M. Skelly Frame, PhD, a spectroscopist, chemistry 
professor, and industrial chemist, died at the age of 66 

on Monday, January 13, 2020, following a year-long battle 
with cancer. 

Frame served as Medical Service Corps officer in the U.S. 
Army from 1975 to 1986, rising to the rank of captain. For 
the first five years of her military career, Skelly Frame was 
stationed at  the 10th Medical Laboratory at the U.S. Army 
Hospital in Landstuhl, Germany. Then she was selected to 
attend a three-year PhD program in chemistry at Louisiana 
State University (LSU). She received her doctorate in 
1982 and became the first female chemistry professor 
at the U.S. Military Academy at West Point, in New York. 
Following her military service, Skelly Frame joined General 
Electric (GE) Corporation and supervised the atomic 
spectroscopy laboratory at GE’s Research and Development 
Center in Niskyuna, New York. She analyzed practically every 
stable element in the periodic table in support of all company 
programs. She also held positions as Clinical and Adjunct 
Professor of Chemistry at Union College, in Schenectady, and 
at Rensselaer Polytechnic Institute, in Troy. She was a 45-year 
member of the American Chemical Society and served one 
year as the local section chair. She was the co-author, with 
her husband, George M. Frame II, of a 1200-page textbook, 
Undergraduate Instrumental Analysis. She delivered the draft of 
a new edition weeks before her death.
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MOLECULAR SPECTROSCOPY WORKBENCH

Use of Raman Microscopy  
to Characterize Extractables  
and Leachables

Any product used for medi-
cal purposes has to follow the 
adage “do no harm.” In the cur-
rent work, we assess if and how 
Raman microscopy, in combi-
nation with X-ray fluorescence 
(XRF), can aid in the charac-
terization of material leached 
from several implantable de-
vices. The results show both 
the presence of metal oxides 
and organic compounds. In one 
case, two crystalline forms of an 
identical oxide existed simulta-
neously, and we suggest that 
such information may be useful 
in characterizing the oxidation 
of the metal. One of the samples 
was tinged pink, and its spec-
trum was consistent with a reso-
nance Raman (RR) spectrum of 
a pigment. Because information 
on the source of these samples 
was not known, it is not possible 
to perform a complete charac-
terization, but we can suggest 
ways that these results can be 
used in the future when a more 
complete study can be done.

Fran Adar

Any product that  comes 
in contac t with the human 
body or with a product that 

is subsequently ingested, injected, 
or inserted into a human body has 
the potential to carry harmful prod-
ucts. If a polymer is part of an im-
plant, it can release low molecular 
weight oligomers or additives that 
are present to engineer the poly-
mer’s properties. If a drug product 
is contained in a polymer bag or ves-
sel, especially if the drug is liquid, 
similar problems are possible. An 
implant is of ten composed of me-
tallic parts that have the potential to 
oxidize, even if chipping is not likely. 
Metallic oxidation products from an 
implant can either chip away or be 
dissolved in fluids and carried from 
the site of the implant, or material 
from a metallic container can be in-
gested, injected, or inserted into a 
human body. 

Pharmaceutical companies are 
constantly testing their products 
for ex trac tables and leachables, 
both before FDA release and during 
the life of the product. Leachables 
are products that can be released 
by a product under normal ambient 
conditions. Extractables are prod-
ucts that are released under con-

ditions designed to indicate worse 
case scenarios. For example, an im-
plant can be immersed in a solution 
meant to mimic biological f luids, 
and then subjected to elevated tem-
peratures to determine what can be 
forced out of that part; this would 
be called a leachable. Exposure to 
non-physiological solvents would 
produce extractables.

We will show here the results of a 
study of material leached from two 
implants, and indicate how this in-
formation can be of use to the bio-
medical community.

Description of the Samples
Two sal ine solut ions of mater ial 
leached from two different implants 
were examined. To aid in the inter-
pretation of the Raman spectros-
copy result s, X-ray f luorescence 
(XRF) was also measured. Figure 
1a shows the vials of solutions as 
received. Figure 1b shows some 
of these materials deposited on a 
stainless steel microscope slide.

Elemental analys is per formed 
on an XG720 0 (Horiba Scientif ic) 
showed that the elements in the 
green deposit were dominated by 
titanium, with some silicon, calcium, 
nickel, and sodium. The pink sample P
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contains a lot of iron, aluminum, and 
sulfur, with some copper, chromium, 
manganese, and silicon, and small 
amounts of zinc and nickel.

Raman Analysis
As readers of this column are aware, 
Raman spectroscopy provides infor-
mation on both organic and inor-
ganic materials. In fact, the original 
concept of the Raman microscope 
(1) was to provide molecular identi-
fication of organic molecules, espe-
cially manufacturing contaminants 
that could not be analyzed by the 
standard microprobes in use at the 
t ime. Today, there are ex tensive 
Raman spectral libraries that can 
assist in the identif ication of un-
knowns, and even if a library does 
not provide a match, there are tools 
to aid in the assignment of func-
tional groups (2). 

The Raman spectrum of organic 
materials is separated into several 
characteristic regions. The region 
below 1500 cm-1 is called the finger-
print region, because the motions of 
all the atoms are coupled together, 
so it is not possible to assign a par-
ticular band in the spectrum to the 
motion of one or a few atoms. Be-
tween 1500 and 1800 cm-1, there are 
bands that can be assigned to the 
>C=C< and >C=O stretches (~1650 
and ~1730 cm-1, respectively). Be-
tween 2000 and 2400 cm-1 are tri-
ple bonds, and close to 2500 cm-1 
is the –SH stretch. Then there are 
CH stretches (2700–3100 cm-1), the 
NH stretch (~3350 cm-1), and the OH 
stretches (anywhere between 3100 
and 3600 cm-1, depending on H-
bonding). 

Most of the bands of the Raman 
spectrum of inorganic materials fall 
below 140 0 cm-1 but i f there are 
hydroxyl groups, they will appear 
above 3000 cm-1, and the position 
and width of the bands will also de-
pend on H-bonding. 

In both cases, there are shifts and 
split t ings of bands in the cr ystal 
phases, and it is important to point 

out that there is a significant num-
ber of inorganic materials in which 
there are not identifiable vibrating 
functional groups, so when these 
mater ials c r ys tal l ize in di f ferent 
forms, the spectra are totally differ-
ent. Examples are TiO2, ZrO2, and 
carbon (diamond vs. graphite). One 
of the examples that is shown below 
in one of the deposits il lustrates 
this in the spectra of two phases of 
Al(OH)3. 

Raman Analysis
Because the sample deposits did 
not have any good morphology on 

which to focus, I recorded maps in 
order to acquire a good sampling 
of representative spectra. Spectra 
were isolated from the maps using 
either classical least squares (CLS) 
or multiple curve resolution (MCR).

Pink Sample
The top of Figure 2 shows both 
bright f ield and dark f ield micro-
graphs of the region that was stud-
ied by Raman microscopy. While 
the sample in the vial had a weak 
pinkish color, that color is not seen 
in the micrographs. In bright field, 
one is essentially seeing the re-

(a) (b)

FIGURE 1: (a) Vials with material extracted from two implants, and (b) deposit 
on a stainless steel slide.

)stnuoc( ytisnetnI

1 000 2 000 3 000 4 000

33
61 35
22

36
12

30
73

16
99

353

36
5235

4634
32

53
8Pink Leachate

Bayerite+ Pink Pigment

Gibbsite + Aromatic

Pink Pigment

Deposit of Pink Material:
Spectra show evidence of 2 Forms 
of Al(OH)3, Aromatic Organic and 
RR-enhanced Pink Pigment (no CH 
bands)

Raman shift (cm-1)

Bright Field Dark Field

-10

0

0-20

(a) (b)

(d)

(c)

FIGURE 2: Analysis of pink leachate. (a) Bright field, and (b) dark field micro-
graphs of an area of the pink leachate deposit. (d) Raman spectra derived 
from the mapped file showing the presence of two forms of Al(OH)3 (green 
and blue), organic material with both saturated and unsaturated functionality 
(blue) and a resonance Raman (RR) enhanced organic (pink).  (c) The Raman 
map is color-coded to be consistent with the spectral display colors.



14  Spectroscopy 35(2)   February 2020 www.spectroscopyonline.com

flectivity of the sample, so it is not 
unusual so see bright areas where 
the sample is ref lective and areas 
of dif ferent tones of gray from less 
reflective material; sometimes one 

can see color here if it is intense. In 
dark field, we are seeing light scat-
tered from the periphery through 
the sample, and then up the bright 
field objective. The pink box in the 

micrograph is the region from which 
we collected spectra. 

Figure 2 also shows the extracted 
spectra on the right and the ren-
dered map on the lef t, using the 
spec tral colors on the r ight; the 
spectra and map are color-coded, 
so that it is clear which spectrum 
corresponds to which region on the 
map. The OH bands in the green 
and blue spectra are good matches 
to the spec tra of bayerite (blue) 
and gibbsite (green), two crystal-
lographic forms of Al(OH)3.(3), and 
the fingerprint bands between 300 
and 600 cm-1 are good matches as 
well. In the blue spectrum, there is a 
strong CH band below 3000 cm-1 in-
dicating saturated organic material, 
and a small band at 3073 cm-1 indi-
cating the presence of an aromatic. 
There are (unlabeled) bands in the 
blue spectrum near 1450 and 1600 
cm-1, also consistent with these as-
signments of saturated organic and 
aromatic species. The spectrum in 
pink at the bottom of the figure is 
consistent with an aromatic, but be-
cause the CH region is weak and the 
strongest bands are between 1000 
and 1700 cm-1, it is believed that this 
represents the resonance-enhanced 
spectrum of the pink pigment. Ex-
amination of the green spectrum 
indicates the presence of similar 
bands. 

Figure 3 shows the Al(OH)3 bands 
from Figure 2 compared to the spec-
tra in the cited publication, illustrat-
ing a remarkable match in spectral 
features. 

Figure 3 shows our spectra that 
we ass ign to the t wo phases of 
A l (OH)3,  bayer i te in green,  and 
gibbsite in blue. 

Green Sample
The map of this sample was treated 
in a manner similar to that of the 
pink sample. Three spec tra were 
isolated and used to produce the 
Ra ma n re n d i t io n  s h ow n in  t h e 
upper r ight side of the f igure. In 
this sample, there is also evidence 
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for organic material with aromatic 
functional groups. (The band close 
to 2330 cm-1 is atmospheric nitrogen 
which is often seen in our spectra.). 
This sample also shows surprising 
behavior in the hydroxide region; 
there is a sharp band at 3574 cm-1, 
with a much weaker but fairly sharp 
band at slightly higher frequency. 
This sample was known to have a 
high content of titanium, and the low 
frequency region is consistent with 
an oxide of this metal, although not 
an exact match to any of the common 
phases. I made a considerable effort 
to assign the OH band, but was un-
successful. However, in searching, I 
did find a very old article on the OH 
band in a series of metal hydroxides 
that occur in this region of the spec-
trum (± 50 cm-1) (4).

Discussion
There are several issues about this 
report that may be unsettling to an-
alysts who need detailed answers to 
solve problems. At this point, I am 
unable to make firm assignments 
to neither the organic species nor 
the inorganic species. But because 
I really have no information on the 
implants from which these samples 
came, i t  seems grat i f y ing that I 
can make any assignments at all. If 
I knew the composition of the im-
plants (that is, the type of organic or 
polymeric material present), I would 
be in a better situation to identify 
these materials. What, for me, is sur-
prising is that I am seeing hydrox-
ides of the metals. The real ques-
tion for the analyst is whether the 
identity of the hydroxides in these 
extracted samples is meaningful, or 
is just an artifact of the preparation 
of the slurries that we deposited on 
a slide. The use of a saline solution 
is, for sure, meant to mimic physi-
ological conditions. The question 
is whether these species are com-
ing of f the implants in the states 
that we are observing, or are they 
f laking of f in a dif ferent form and 
then changing in solution or dur-

ing precipitation. Again, we need 
more information on the original 
implants, and then need to consult 
with a physical chemist who would 
understand the possible chemical 
and phase changes that are possible 
under what conditions. 

Conclusion and Summary
I chose to do this pilot study on ex-
tractables and leachables because 
I am getting multiple meeting an-
nouncements per month on this 
topic, and the topic just spoke to 
me about the potential of Raman  
microscopy to be helpful. What is 
surprising is that vibrational spec-
troscopy doesn’t seem to be ex-
ploited in this field for its potential. 
Maybe some of my readers can tell 
me I am wrong, or tell me why it is 
not being used.
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CHEMOMETRICS

More About CLS, Part 2:  
Spectral Results (Not Needing 
Constituent Values) and CLS

In our previous column, we in-
troduced a set of data suitable 
for more extensive examination 
than was permitted in our previ-
ous discussion of the classical 
least squares (CLS) algorithm. In 
this column, we start to analyze 
the data using two methods (CLS 
and principal component analysis 
[PCA]) that do not involve the con-
centrations of the components of 
the mixtures. We begin our expan-
sion of the analysis by examining 
the data from the 70-sample data 
set the same way we did for the 
previous 15-sample data set. First, 
we examine the spectral results, 
and then apply the CLS algorithm 
to verify the previous findings. 
Neither of these types of analysis 
requires the use of external constit-
uent information. We then further 
expand the analysis by calculating 
principal components.  

Howard Mark and Jerome Workman, Jr. 

Although the goal of this 
column is to examine the ef-
fects of using volume frac-

tions vs. weight fractions as the con-
stituent concentrations for principal 
component regression (PCR) and 
partial least squares (PLS) calibra-
tions, there is much to be learned 
from the spectroscopic data itself, 
without reference to any constituent 
compositions. Therefore, our initial 
inspection of the data parallels the 
initial examination of the smaller, 
15-sample set of mixtures, to verify 
that those computed values did not 
require concentration values, or in-
volve the application of advanced 
chemometric calibration algorithms. 
Instead, our initial foray into looking 
at the results from the statistical ex-
perimental design described in the 
previous column (1) was to examine 
the behavior of the spectral data 
alone, without involving the use of 
chemometrics. The application of 
chemometrics to the data will be 
described later, and for reasons that 
will become clear, may not be de-
scribed fully here. The advantage of 
analyzing the spectral data without 
bringing in the constituent values 
is that the expectations of their be-
havior are better known, and more 

easily described. This allows us to 
compare our results with the theo-
retical expectations, so that when 
we introduce the constituent values, 
we will have some foreknowledge 
of how we might expect the data 
to behave. Some of these behaviors 
have already been listed qualitatively 
in Tables I and II (see the previous 
column [1]), where we compared cur-
rent near-infrared (NIR) spectroscopy 
practice to theoretical expectations. 

While we have spectra of the pure 
materials that comprise the mixtures, 
they were not taken as part of the cal-
ibration set. Therefore, for compari-
son and demonstration purposes, we 
use the five mixtures containing each 
of those materials at 60% (the maxi-
mum value they can attain in these 
samples) with each of the other mix-
ture components at their lowest value 
(10%) as surrogates for the pure ma-
terials. The plots in Figure 1 present 
these spectra, for reference.

CLS Results
In keeping with our desire for initial 
analysis to not use the reference val-
ues, our next activity is to present 
the results of performing classical 
least squares (CLS) analysis on the 
mixture data. One aspect of CLS P
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gives us the ability to reconstruct 
the spectrum of a sample from the 
spectra of the pure components. 
Thus the validity of the data analysis, 
as well as the quality of the data, can 
be captured by CLS analysis by the 
agreement between a pure-compo-
nent spectrum computed from the 
mixture spectra and the measured 
spectrum of that chemical compo-
nent. These plots are shown in Fig-
ure 2, for the mixtures containing the 
maximum amount (60 wt%) of each of 
the ingredients respectively, and for 
each mixture the minimum amount 
(10 wt%) of all the other ingredients. 

It is clear that the agreement be-
tween the theoretical reconstructed 
spectrum and the actual spectrum of 
each ingredient is almost, although 
not quite, as good as the agreement 
between duplicate spectra of the 
same material. This an impor tant 
observation, since later on we will 
be comparing spectra to each other, 
and knowing the amount of deviation 
expected between actual measure-
ments and computed approxima-
tions will be important in evaluating 
the computed results.

In Figure 3, we have plotted, for 
each of the five ingredients, the val-

ues of the CLS-calculated concentra-
tions vs. the known weight percent 
and volume percent of the ingredi-
ents. Not surprisingly, we note the 
following characteristics of the plots 
in Figure 3:
•	For the plots where the abscissa 

variable represents the weight frac-
tion, the points corresponding to 
a given weight fraction of the in-
gredient lies on a vertical line. The 
explanation is simple—the samples 
were made up gravimetrically to 
prescribed values, thus the actual 
and the nominal values of weight 
fraction are all the same (within ex-
perimental error) for a given frac-
tion of the specified ingredient. 
The spectral values plotted on the 
ordinate direction varied due to 
the actual changing composition, 
reflected in the spectral response, 
hence the data points correspond-
ing to samples of the nominal com-
position are spread out in only the 
Y-direction.

•	For the plots where the abscissa 
variable represents the volume 
fraction, the points corresponding 
to a given volume fraction of the in-
gredient lie along a line essentially 
parallel to the direction of the line 
through all the samples of varying 
composition. This reflects the im-
provement of the performance at-
tainable through the use of volume 
fractions. As we’ve seen previously 
with the more limited sample set 
(2), when volume fractions are used 
as the measure of concentration, 
the change in value of the constitu-
ent concentration is mirrored by an 
equivalent change in the value of 
the concentration as determined 
by the CLS algorithm (2). The cal-
culated values of the concentration 
measure within each group of data 
points then follows the trend of the 
data very nicely, instead of them all 
lying vertically as in the weight per-
cent values of Figure 3.
The dif ference between the two 

cases is that when weight fraction 
is used for the constituent concen-
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FIGURE 1: Spectra of selected mixtures. Each of the spectra represents one of 
the mixtures, which contains the maximum concentration (60%) of the com-
ponent corresponding to the label for that spectrum: (a) acetone, (b) buta-
nol, (c) dichloromethane, (d) dichloropropane, and (e) methanol. Each of the 
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ing only the second plotted spectrum in each case.
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tration, the value used to represent 
concentration of the sample is con-
stant, because the samples were 
made up that way—to contain a pre-
specified amount of the ingredient. 
In this case, only the spectroscopi-
cally calculated value changes (due 
to the variations in the other com-
ponents), and therefore the result-
ing data points fall on a vertical line. 
When the volume fraction is used as 
the constituent value, then both the 
spectroscopically calculated value 
and known reference value change, 
and change concurrently, so that the 
data points for each sample lie on a 
sloping line that reflects the corre-

sponding changes in the two values.
Another characteristic of the data 

can also be seen in some (although 
not all) of the plots in Figure 3. Some 
of the clusters of data points for the 
plots of spectral values versus vol-
ume fractions show an additional ef-
fect. This effect is the spreading of 
the data points away from the line 
defining the main direction of the 
points in each cluster, in this case 
perpendicular to the line. In some 
cases (and this is particularly note-
worthy for the butanol plots, metha-
nol plots, and to a lesser extent, for 
dichloropropane plots), the clusters 
of points are not randomly spaced 

away from the line defining the di-
rection of the data, but form a pat-
tern. Albeit imperfect, the pattern 
shows lines of data points within the 
cluster, each line containing a differ-
ent number of data points: first one 
isolated point, then two on a line, 
then three, then four. The net effect 
is that for each cluster, the points ap-
pear to be contained in a triangular 
envelope, mimicking, to some ex-
tent, the experimental design from 
which the plots were created.

The cause of this phenomenon 
is not entirely clear at this time, al-
though suspicion falls on the poten-
tial residual interactions between the 
various chemical components of the 
samples. The possibility of hydrogen 
bonding between the two alcohols 
and the highly polar -C-Cl bonds in 
the chlorine-containing molecules 
also seem likely sources of this sort 
of interaction.

Expanding Beyond CLS:  
Introducing PCA
CLS is not the only type of data anal-
ysis that can be applied to the spec-
tral data without needing constituent 
values. Principal component analysis 
(PCA) is a data analysis method that 
can be applied to the spectra alone, 
without needing auxiliary constitu-
ent information. We have shown in 
earlier columns (3–8) that a principal 
component is a least-square esti-
mator of the underlying data, and 
that, at each stage, it accounts for 
the maximum amount of variance re-
maining in the data after all previous 
components have been used to ex-
plain their respective contributions 
to the measured data values.

This being the case, if the theo-
retical assumptions underlying the 
data are valid, it should not be nec-
essary to compute more principal 
components than there are inde-
pendent sources of variation affect-
ing the data set being examined. 
This is effectively the same as saying 
this reflects the number of degrees of 
freedom in the data, ignoring the in-
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FIGURE 2: Comparisons between the actual measured spectra of the five mix-
tures containing the maximum amount (60 wt%) of each mixture component, 
and the reconstruction of that spectrum using the CLS algorithm. In all cases. 
blue = measured spectrum, green = reconstructed spectrum using CLS algo-
rithm. Spectra shown include: (a) acetone, (b) butanol, (c) dichloromethane, 
(d) dichloropropane, and (e) methanol.
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numerable degrees of freedom that 
represent the noise content of the 
spectroscopic data.

In the case of f ive-component 
mix tures such as we are dealing 
with here, you might think that there 
would be five degrees of freedom in 
the spectral data. However, since the 
mixture components must add up to 
100% (called closure of the dataset), 
the concentration of any four com-
ponents determines the concentra-
tion of the fif th; therefore it is not 
“free” to vary independently. The 
restriction that the mixture ingredi-
ents must add up to 100% removes 
a degree of freedom from the data. 
Therefore the spectral data should 
contain 5 - 1 = 4 degrees of freedom. 
Ideally, therefore, a five-component 
mixture should be completely repre-
sented by four principal components, 
ignoring the noise. What we should 
observe then, upon performing PCA, 
is that the variance remaining in the 
spectral data should decrease as 
each new principal component is 
computed and the effect of that com-
ponent is removed from the data set. 
Furthermore, the early components 
will account for more variance than 
later components; the first principal 
component that is calculated will ac-
count for the most variance of the 
data, while each of the later compo-
nents will remove less and less. The 
effect is cumulative, and successive 
components will remove more and 
more variance from the data until 
the first four components are found, 
at which point the remaining vari-
ance should represent the random 
noise remaining in the data, and that 
noise should not change by any ap-
preciable amount if more principal 
components are computed. The 
remaining variance will then remain 
almost constant as successive princi-
pal components are calculated. Plot-
ting this residual variance as a func-
tion of the number of components 
should therefore approach a very 
small almost-constant value, once all 
the non-noise variations of the data 
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FIGURE 3: Spectrally calculated values versus reference weight fraction and 
volume fraction, for the five components in the mixtures. In all plots, the or-
dinate is the spectrally calculated value, and the abscissa is the weight or vol-
ume fraction value, as marked. Figure plots are for the following compounds: 
(a,b) acetone, (c,d) butanol, (e,f) dichloromethane, (g,h) dichloropropane, 
and (i,j) methanol.
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are removed by this process. The ac-
tual behavior of this data set is shown 
in Figure 4. 

What we actually find in Figure 
4, distinct from the theoretical ex-
pectation, however, is that there is a 
continual drop-off of the remaining 
variance in the data up to at least 
the sixth principal component. In 
conformance with theory, the earlier 
principal components do indeed ac-
count for more variance than later 
ones. Nevertheless, the number of 
principal components needed to ac-
count for or “explain” the spectral 
data is more than the four degrees 
of freedom, due to the five individual 
chemical components that we know 
are present in the data set (while ac-
counting for the closure of the data-
set). The reason for this is also not 
entirely clear, although it is consis-
tent with the finding, from the exami-
nation of the CLS results, of possible 
interactions between some of the 
ingredients in the mixtures. 

Conclusions (From This  
and the Previous Column)
CLS analysis of this new data set, 
which is appreciably larger than the 
previous data set we were able to 
use, confirms the results we obtained 

from the previous data set. The CLS al-
gorithm enabled the reconstruction of 
the spectra of mixtures from the spec-
tra of the components of each mixture. 
For several of the constituents (metha-
nol is a good example here), the plot of 
calculated vs. measured concentration 
is a straight line when the measured 
concentration is expressed as volume 
fraction, but exhibits visible curvature 
when the concentration is expressed as 
weight fraction. 

Pr inc ipal  component analys is 
shows that, contrary to theoretical ex-
pectation, it requires the calculation 
and use of more (>6) principal compo-
nents to account for all the variance 
in the spectra than theoretical evalu-
ations (four principal components) of 
the data would suggest (see Figure 
4 for the actual amounts of variance 
explained). Initial explanations for this 
behavior, based on previous under-
standing, cast suspicion on more of 
the “usual suspects”—mainly inter-
actions between ingredients in the 
mixtures list.

Further, and closer, examination 
of the results revealed that, while in-
teractions cannot be completely ex-
onerated as a cause of the observed 
behavior, another unexpected phe-
nomenon showed up, which changes 

our understanding of how appor-
tionment of variance among several 
competing ef fec ts inf luences the 
final results obtained. This phenom-
enon will be described in a subse-
quent column.
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SPECTROSCOPY SPOTLIGHT

Raman Spectroscopy of  
Graphene-Based Materials 

Raman spectroscopy is a versatile 
tool to identify and characterize the 
chemical and physical properties of 
graphene-based materials ( 1–4), 
providing information on graphene 
structures for fundamental research 
and for practical device fabrication, 
as well as demonstrating the first- 
and second-order modes in intrin-
sic graphene, as well as the shear, 
layer-breathing, and the G and 2D 
modes of multilayer graphene. Pro-
fessor Ping-Heng Tan from the State 
Key Laboratory of Superlattices 
and Microstructures at the Institute 
of Semiconductors at the Chinese 
Academy of Sciences is carrying out 
new research to advance the use of 
Raman analysis of these materials. 
We recently interviewed Tan about 
this work.

Jerome Workman, Jr.  

Yo u  h a v e  d e s c r i b e d 
Raman techniques to 
determine the number of 

graphene layers, to probe reso-
nance Raman spectra of mono-
layer and multilayer graphenes, 
and to obtain Raman images of 
graphene-based materials. What 
are the greatest benefits of ap-
plying Raman spectroscopy to 
investigate graphenes? How 
does Raman compare to other 
methods for this application?
Raman spectroscopy is a fast, non-
destructive, and versatile tool for 
the characterization of the lat tice 
structure and the electronic, optical, 
and phonon properties of graphene-
based materials. Raman spectra of 
all graphene-based materials show 
a few prominent features (D, G and 
2D modes), regardless of the final 
structure. However, the positions, 
line shapes, and intensities of these 
peaks give abundant useful infor-
mation for the investigation of the 
structures and electronic proper-
ties of graphene-based materials. 
In comparison to other methods, 
Raman spectroscopy can give more 
information without the additional 
treatments or damage to the sample, 
and with much less time and cost.

Would you briefly explain the 
theory behind how Raman mea-

surements provide detailed in-
formation for investigation of 
the fundamental properties of 
graphene, including the states, 
effects, and mechanisms of gra-
phene?
The f irst-order Raman scat tering 
in a crystal is a three-step process, 
inc luding the generat ion of the 
photo-excited elec tron and hole, 
scattering of the excited electron 
or hole by the phonon phenomena, 
and the recombination of the elec-
tron and hole. The phonons involved 
ref lec t the corresponding funda-
mental proper ties. For example, 
the single-axis strain of graphene 
can be revealing by the splitting of 
the E2g phonon (G mode), and the 
frequency of the interlayer shear 
(C) mode, giving information on the 
number of graphene layers as well 
as the interlayer coupling strength. 
Moreover, it ’s obvious that the in-
tensities of the Raman modes are 
related to the optical properties of 
graphene. By obtaining the reso-
nance Raman spectra, the optical 
transition probability of graphene-
based materials can be obtained. 
For example, the twisted bilayer 
graphene has a twist-angle depen-
dent Van Hove singular it y in the 
joint density of state, which leads to 
twist-angle dependent optical tran-
sition energies, and can be inves- P
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tigated by multi-wavelength Raman 
spectroscopy. Moreover, due to the 
unique linear band struc ture, the 
second-order Raman scattering (in-
volving two phonons, represented 
by the 2D mode) is easily observed 
in graphene-based materials, which 
is enhanced by a double resonance 
Raman scat ter ing process.  This 
excitation-wavelength dependent 
mode allows one to detect the pho-
non dispersion, elec tron-phonon 
coupling, and band s truc ture of 
graphene-based materials.

Why are graphene-based materi-
als important?
Graphene is a truly two-dimensional 
system, consisting of sp2 carbon hex-
agonal networks with strong covalent 
bonds. Multilayer graphene can be 
stacked layer by layer in a Bernal or 
rhombohedral way through van der 
Waals coupling. High-quality mono-
layer graphene and multilayer gra-
phene can be produced by several 
methods, such as micromechanical 
exfoliation, chemical vapor deposi-
tion, and epitaxial growth from the 
silicon carbide (SiC) surface. Other 
artificial fabrication routes for pro-
duction, such as the reduction of a 
graphene oxide solution and organic 
synthesis, tend to introduce defects 
into the graphene, such as vacancies 
and dislocations, as well as exposing 
the graphene to oxidation, hydroge-
nation, fluorination, and other chemi-
cal functionalization. Graphene can 
a l so be decomposed into one -
dimensional and zero-dimensional 
forms, such as graphene nanorib-
bons and nanographene. All these 
materials with various dimensions are 
derived from graphene, and can be 
termed graphene-based materials.

The remarkable properties of gra-
phene and graphene-based materi-
als, including their high carrier mo-
bility (near ballistic transport), high 
thermal conductivity, unique optical 
and mechanical properties, and high 
specif ic sur face area, make them 
promising materials for high-fre-

quency nanoelectronics, micro- and 
nanomechanical systems, thin-film 
transistors, transparent and conduc-
tive composites and electrodes, bat-
teries and supercapacitors with high 
charging speeds, highly sensitive 
chemical sensors, flexible and print-
able optoelectronics, and photonics.

In addition, recent research stud-
ies have advanced to investigate 

vertical van der Waals heterostruc-
tures because they can be formed 
by vertically stacking various two-
dimensional materials by van der 
Waals forces but without any con-
straints of lattice matching and fab-
rication compatibility, offering huge 
opportunities for the design of new 
functionalities. Graphene and mul-
tilayer graphene are the essential 
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building blocks for van der Waals 
heterostruc tures as elec trodes in 
various high-performance devices, 
such as field-effect tunneling tran-
sistors, logic transistors, photovolta-
ics, and memory devices.

What is the potential for Raman 
spectroscopy to be used rou-
tinely for characterizing gra-
phene materials in a manufactur-
ing or production environment?
For the large-scale charac teriza-
t ion of graphene materials in in-
dustr y, Raman spec troscopy has 
s e v e r a l  a d v a n t a g e s ,  i n c l u d i n g 
short measurement time, low cost, 
lower training requirements com-
pared to other techniques, and, 
very importantly, the nondestruc-
tive nature of the technique. The 
relat ively s imple features of the 
Raman spectra in graphene-based 
materials make them quite easy to 
interpret by an engineer with some 
l imited training. The cost of the 
Raman measurement is becoming 
lower and lower with the develop-
ment of Raman instrumentat ion, 
including portable systems. It just 
takes a few minutes to obtain a 
s tate -of-ar t  Raman spec t rum of 
graphene-based mater ia ls .  And 
the Raman measurement would not 
af fect the quality of the materials 
af ter measurement by gently con-
trolling the incident laser power. 

What recent advances in Raman 
instrumentation, software, or 
sampl ing methods have you 
been most active in over the re-
cent past?
Recent ly,  I  have been ac t i ve in 
pushing the detection limit of the 
low frequency Raman modes in a 
single-monochromator Raman sys-
tem. Our target is  to probe the 
Raman modes with the frequency as 
low as possible. As we know, a well-
aligned triple grating spectrometer 
can give a low frequency limit down 
to 5 cm-1, but with a low detection 
efficiency. In our previous work, we 

obtained a f requency limit down 
to 2.0 cm-1 by a single-monochro-
mator Raman system coupled with 
volume-Bragg-grating-based notch 
filters (5), and achieved a frequency 
limit down to 10 cm-1 by a single-
monochromator Raman system with 
long pass edge filters (6). Those fil-
ter-based techniques to detect low 
frequency Raman modes are much 
higher in ef f ic iency than a tr iple 
grating spectrometer. We have also 
developed a tunable single-mono-
chromator Raman sys tem based 
on the supercontinuum laser and 
tunable filters, showing its poten-
tial application for resonant Raman 
profile measurements (7). We also 
devote ourselves to updat ing a 
single grating spec trometer with 
our homemade micro-Raman mod-
ule into a high-throughput confo-
cal Raman system. The homemade 
micro-Raman module can connect 
two single grating spectrometers to 
obtain a very broad photolumines-
cence spectrum in a single capture 
and a Raman spec trum with high 
spectral resolution. You can see a 
demonstration of this on the web-
si te ht tp://w w w.fergiespec.com/
case-study/ping-heng-tan/.

What have been your greatest 
challenges in scientific discovery 
over your career? What is your 
general approach to problem 
solving in your scientific work?
As a physicist studying Raman spec-
troscopy, the greatest challenge in 
scientific discovery is always how to 
obtain the intrinsic Raman spectra 
and how to understand them prop-
erly. That challenge arises frequently 
when you are exploring the funda-
mental properties of new materials 
by Raman spectroscopy. Fortunately, 
with the development of theoretical 
approaches, it’s becoming easier to 
understand the measured Raman 
results quickly and accurately. As an 
experimental physicist, I always ben-
efit a lot by collaborating with many 
theoretical scientists.

What are some major gaps in 
knowledge for Raman technol-
ogy that you would like to see 
more research and development 
time devoted to?
I  have been work ing on Raman 
spectroscopy for over 20 years. At 
the beginning, Raman technology 
was used as a tool by a few Raman 
experts in physics and chemistry to 
investigate the lattice and molecu-
lar dynamics of molecules and their 
other related properties. The Raman 
technique has developed exponen-
tially in past 15 years, leading to 
many non-experts wishing to enter 
this field. Now, Raman spectroscopy 
has become a standard and routine 
technique to identify and charac-
terize many materials, both at the 
laborator y and mass-produc tion 
scale. However, some users may 
just know how to measure Raman 
spectra simply by using a commer-
cial Raman system, but do not know 
the real physical meaning behind 
the spectra they measure. Thus, as 
a physicist of Raman spectroscopy, 
I would like to appeal to and help 
more researchers to put their sights 
on the depths of this area, which will 
be helpful for the development of 
this field.

What do you anticipate is your 
next major area of research or 
application in this field?
We are really interested in char-
ac ter i z ing the t wo - d imens ional 
mater ia l s  (espec ia l l y  graphene-
based materials) and related van 
der Waals heterostruc tures in an 
operating device in situ. It would 
be helpful for us to understand the 
working mechanism of the device, 
and to reveal new physical phenom-
ena of various materials and related 
devices.

For those having greater inter-
est in this topic, what reference 
papers or books would you rec-
ommend they obtain to read or 
study?
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In the past decade, the at tention 
to this field keeps growing. The fol-
lowing review papers or books can 
be recommended for non-experts 
wishing to enter the field:
•	L .M.  Malard,  M. A . A .  Pimenta, 

G. Dresselhaus, and M.S. Dres-
selhaus, “Raman Spec troscopy 
in Graphene,“ Physics Repor ts 
473(5–6), 51–87 (2009).

•	A .  Jor io,  M.S.  Dresselhaus,  S . 
Riichiro, G. Dresselhaus, Raman 
Spectroscopy in Graphene Re-
lated Systems (Wiley-VCH, 2011).

•	A .C .  Fe r r a r i  and D.M.  Ba s ko, 
“Raman Spectroscopy as a Ver-
satile Tool for Studying the Prop-
erties of Graphene,”Nature Nano-
technology 8(4), 235 (2013).

•	J.B. Wu, M.L. Lin, X. Cong, H.N. 
Liu, and P.H. Tan, “Raman Spec-
troscopy of Graphene-Based Ma-
terials and its Applications in Re-
lated Devices,” Chemical Society 
Reviews 47(5), 1822–1873 (2018).

•	P.-H. Tan, Ed., Raman Spectros-
copy of Two-Dimensional Mate-
rials (Springer Nature Singapore 
Pte Ltd., 2019). DOI: 10.1007/978-
981-13-1828-3.

The first three suggestions present 
the fundamental understanding of 
the use of Raman spectroscopy in 
graphene materials, and the last two 
give a more complete understand-
ing and updates on newer progress 
in the analysis of graphene-based 
mater ials and other t wo-dimen-
sional materials.

References
(1)	 J.B. Wu, M.L. Lin, X. Cong, H.N. Liu, 

and P.H. Tan, Chem. Soc. Rev. 47(5), 

1822–1873 (2018).

(2)	 P.-H. Tan, Ed., Raman Spectroscopy of 
Two-Dimensional Materials (Springer 

Nature Singapore Pte Ltd., 2019). 

DOI: 10.1007/978-981-13-1828-3.

(3)	 M.L .  L in and P.H.  Tan,  Ultra low-

Freq uenc y Raman Spec troscopy 
of Two-dimensional Materia ls.  In 
Raman Spec troscopy of  Two- Di-
mensional Materials (Springer, Sin-

gapore, 2019), pp. 203–230.

(4)	 J.B.  Wu,  M.L .  L in ,  and P.H.  Tan, 

“Raman Spec t roscopy of  Mono -

layer and Mult i layer Graphenes,” 

in Raman Spectroscopy of Two-Di-
mensional Materials (Springer, Sin-

gapore, 2019), pp. 1–27.

(5)	 X.L. L iu, P. H. Tan et. al., Rev. Sci. 
Instrum. 88(5), 053110 (2017).

(6)	 M.L. Lin, P.H. Tan et. al., Rev. Sci. In-
strum.87(5), 053122 (2016).

(7)	 X. L. L iu, H.-N. Liu, and P.-H. Tan, 

Rev.  Sc i .  I n s t rum.  88 ( 8 ) ,  0 8 3114 

(2017). ●

For more information on this topic, 
please visit our homepage at: 
www.spectroscopyonline.com

http://www.lightmachinery.com


30  Spectroscopy 35(2)   February 2020 www.spectroscopyonline.com

SPECTROSCOPY SPOTLIGHT

Advancing In Situ  
Applications of Spectroscopy  
in an Industrial Setting

The Clara Craver Award, awarded annu-
ally by the Coblentz Society, was named 
after Craver in recognition of her pio-
neering efforts in promoting the practice 
of infrared vibrational spectroscopy, and 
recognizes the efforts and contributions 
of young professional spectroscopists 
in applied analytical vibrational spec-
troscopy. The 2019 recipient, Xiaoyun 
(Shawn) Chen, a senior research scientist 
working in the Core R&D Analytical Sci-
ences department of the Dow Chemical 
Company,has been leading Dow’s global 
optical spectroscopy technology net-
work since 2013, and also the molecular 
structure capability since 2016, solving a 
broad range of problems and improving 
many different types of R&D and pro-
duction processes, introducing many 
colleagues to the benefits of spectros-
copy for their applications. Chen recently 
spoke to Spectroscopy about his work. 

John Chasse

You have over a decade of 
experience in spectro-
scopic and chemometric 

method development for indus-
trial research and development 
(R&D) and manufacturing proj-
ects, focusing on in situ reaction 
monitoring. What motivated you 
to focus on this area??
Let me begin with how I got started. It 
was probably around my third year at 
Dow, and I was working on whatever 
projects that happened to come my 
way, when my mentor, Anne Leugers, 
handed me two attenuated total reflec-
tance (ATR) dipper probes, which were 
no longer needed by another group, 
and told me to explore whether I could 
make use of them. By chance, several 
colleagues in our engineering and pro-
cess science group reached out to us 
to monitor a low-temperature reaction 
that they could not seem to grasp with 
conventional off-line methods such as 
gas chromatography (GC), liquid chro-
matography (LC), or nuclear magnetic 
resonance (NMR) spectroscopy. We 
borrowed another Fourier-transform in-
frared (FT-IR) instrument from our pro-
cess analytical group, so that we could 
use the ATR dipper probe to monitor 
that reaction. In situ monitoring imme-
diately helped us to detect and prove 

the existence of a highly labile inter-
mediate, which explained why earlier 
off-line analysis failed. The focus of the 
project then shifted to characterizing 
the reaction kinetics for process opti-
mization, and, as a result, we needed to 
find a way to quantify the concentration 
of all reaction species. I was very fortu-
nate that Randy Pell, a world-renowned 
chemometrician, became my mentor in 
chemometrics, and together we were 
able to apply several chemometric 
tools such as classical least squares 
(CLS) and partial least squares (PLS) to 
quantify all the reaction species within 
the complex mixture. This work was 
later published externally (1)

So, that was how I got started—as 
a confluence of instrument and probe 
availability and project need. I was truly 
amazed by how useful and enabling in 
situ spectroscopy turned out to be. 
The results from in situ infrared (IR) 
substantially impacted the direction 
of that particular project and the work 
of multiple PhD-level process chemists 
and engineers. As encouraged by my 
mentors and my leaders, I started to 
make an intentional effort to further 
explore and identify similar opportu-
nities. Very quickly, it became appar-
ent to me that the in situ spectroscopy 
project was not a lucky one-off, but P
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that there were actually many projects 
that would benefit. Even though people 
might not know how they could benefit 
from in situ spectroscopy, I took it upon 
myself to champion the application of 
in situ spectroscopy throughout Dow, 
and even outside. Since then, I just be-
came naturally drawn to that method, 
and often had to force myself not to be 
solely focused on in situ spectroscopy. 
I truly believe that in situ spectroscopy 
can be a revolutionary tool for process 
monitoring.

How broad is the range of proj-
ects that you work on? Are the 
projects very similar to each 
other, or diverse?
Extremely broad. Let me start with 
types of projects. Currently, I have 
several projects dealing with silicone, 
a few dealing with catalysts ranging 
from zeolites to MOF, one related to 
radical polymerization, one related to 
polyurethane foaming, several related 
to ethylene polymerization, and several 
related to customer applications, such 
as paper coating and airbag coating, 
among others. In terms of commercial-
ization stages of these projects, they 
may range from early stage concept-
shaping, to process development, to 
customer applications. There is never 
a dull moment as far as projects are 
concerned. The only common theme 
among them all is that they all can 
benefit from the use of optical spec-
troscopy.

What are the biggest challenges 
you tend to encounter in your 
work?
Time management, motivating others, 
and delegation. There are many things 
you need to do well as an industrial ana-
lytical scientist. First, you need to make 
sure that you are working on important 
and relevant research topics. In my cur-
rent role, I also need to make sure that 
we keep abreast of the latest analytical 
instrument development, so that we can 
solve the toughest analytical problems 
with the newest tools. We also need to 
deliver on existing projects, look out for 

new projects, document past projects, 
and mentor new people. Whether you 
can manage your time well among all the 
above-mentioned tasks is critical in de-
termining how fulfilled, productive, and 
successful you can be. I forgot to men-
tion that additionally you may also need 
to maintain an external presence, and I 
do that by serving as the newsletter editor 
for the Society for Applied Spectroscopy 
(SAS), and on the board of the Coblentz 
Society, and by continuing to publish in 
peer-reviewed journals. Motivating others 
and delegation are things that aren’t nec-
essarily taught at graduate school, but be-
come increasingly important as you prog-
ress through your career. They are often 
easier said than done, and I am fortunate 
to have several great leaders and mentors 
who have been coaching me throughout 
this process. I don’t feel I am an expert in 
them yet, but am trying very hard to be 
better at them.
 
You recently published a study 
about monitoring polyimide pro-
duction using a combination of in 
situ infrared and Raman spectros-
copy (2). Why did you use both 
techniques in the study? What 
was different about what the two 
techniques enabled you to see? 
Can the results of that study guide 
your choice for IR or Raman spec-
troscopy for future studies?
The short answer to your first ques-
tion is “because we can.” I routinely 
take an IR, Raman, and near-infrared 
(NIR) spectrometer with me when I 
visit my colleagues at their labs. Some-
times there’s a clear winner regarding 
which type of spectroscopy will be the 
best fit, and we’ll just use that. Just as 
often, we cannot really predict which 
technique will work best, and then we 
try all of them. Which technique is the 
most appropriate also depends on 
the focus of the project, which may 
continue to shift as we make progress.  
Often optical spectroscopy may not be 
the right tool, and then we’ll bring in 
other analytical tools as well, though 
that’s probably outside the scope for 
this interview. You’ll have to read that 

paper to see our exact findings. For this 
particular study, I would say both tech-
niques would eventually lead to similar 
findings, though your perspective into 
the reaction progress would be very 
different, due to the different selection 
rules. Another advantage of using such 
a broad range of techniques lies in the 
insights potentially offered by them. 
There have also been numerous times 
when we originally set out to solve one 
problem, but discovered something to-
tally unexpected, which led the whole 
project to take on a new direction.  
 
What do you consider to be 
the most satisfying aspects 
of mentoring junior spectros-
copists , as well as introduc-
ing those unfamiliar with spec-
troscopy to the techniques? 
As I am starting my 12th year with Dow, 
I am also starting to take on new roles, 
and one of the most important ones is 
to mentor young people coming to our 
group. I feel very lucky that I have the 
chance to interact with the brightest 
minds coming out of graduate school, 
and I feel especially privileged to see 
that such bright young people actually 
take on my advice as they start to navi-
gate their first “real world” job. Seeing 
their maturing into driven and motivated 
researcher is the most satisfying part. As 
for introducing spectroscopy to those 
outside the field of spectroscopy (which 
is the case for ~98% of the colleagues 
I interact with), that’s almost an infinite 
source of joy for me. I can still vividly re-
member the first time when my friend 
Doug Bland told me that he didn’t be-
lieve my in situ IR results, because they 
didn’t line up with the earlier GC results 
he had been getting for two years, and 
his subsequent “conversion” and full 
embracement of in situ spectroscopy. 
Changing people’s minds and attitudes 
is often the most challenging part, but 
definitely the most rewarding part when 
you manage to do so. I now have many 
colleagues who no longer treat in situ 
spectroscopy as the last resort after they 
cannot use GC or LC, but rather first 
try to monitor their reactions with IR or  

● Continued on Page 33
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SPECTROSCOPY SPOTLIGHT

New Spectroscopic  
Techniques Aid in Tissue 
Engineering

Advanced techniques in tissue engi-
neering hold promise to those who 
suffer from damage to or degeneration 
of joint cartilage. But some challenges 
exist for tissue engineers to gain a bet-
ter understanding of the development 
of these constructs and their mechani-
cal properties. Nancy Pleshko, a pro-
fessor of Bioengineering at Temple Uni-
versity, in Philadelphia, Pennsylvania, 
has been studying the use of Fourier-
transform–infrared imaging spectros-
copy (FT-IRIS) as well as near-infrared 
(NIR) spectroscopy to explore the ways 
in which these techniques can aid in the 
development of replacement tissue. 
We spoke to her about her research 
and findings.  

Cynthia Delonas

In a recent paper about tissue 
engineering and its ability 
to repair defects in articular 

cartilage (1) you discussed the 
use of FT-IRIS to study the dis-
tribution of water and extracel-
lular matrix produced in engi-
neered constructs such as those 
that are created for cartilage 
repair. Why is this an important 
study, and how might it help 
patients with osteoarthritis?     
Tissue engineering strategies are 
being inves t igated for repair  of 
tissues that are challenging to re-
generate naturally, such as articular 
car tilage. Osteoar thrit is is a dis-
ease that results in degeneration 
of joint (articular) cartilage, result-
ing in pain and mobility loss for mil-
lions. Development of engineered 
constructs could be a solution for 
tissue repair, but the compositional 
proper ties of the native car tilage 
should ideally be duplicated in the 
engineered t issues. The pr imar y 
tissue components are extracellu-
lar matrix, including collagen and 
proteoglycans, and water. Thus, we 
need to know the relative amount 
and distribution of these compo-
nents in both native tissue and en-
gineered constructs. 

What are the advantages of 
using FT-IRIS over more tradi-
tional techniques that allow a 
visual comparison between na-
tive cartilage and engineered 
cartilage? You reported spatial 
resolution of 25 mm  to permit 
visualization of matrix and water 
throughout the tissue. What 
would be the ideal spatial reso-
lution for this work?
There are several advantages of 
using this technique. First, FT–IRIS 
permits quantification of composi-
tional information without the ad-
dition of external contrast agents. 
Dif ferent protein components, or 
mineral, if present, and water, can 
be evaluated in one unstained tis-
sue section. This saves a significant 
amount of tissue preparation time 
and preserves the rest of the tissue 
for additional studies. Further, many 
other techniques can’t be used to 
visualize water distribution, so this 
is cer tainly an advantage of this 
modality. The ideal spatial resolu-
tion would vary, depending on the 
question of interest. In car tilage, 
for example, spatial resolution in 
the 10–25 mm range is acceptable, 
as this can be related to variations 
in  d i f fe rent  zones of  c ar t i lage. P
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However, it could be desirable to have 
better spatial resolution if there is a 
question of what specifically a cell is 
producing. Then one may want to in-
vestigate this at a better resolution, 
which could theoretically be done with 
attenuated total reflection (ATR) spec-
tral imaging.

What challenges did you face in 
developing this method? Did you 
encounter problems with sample 
preparation and cryosectioning 
80-mm sections of native and en-
gineered cartilage?
The primary challenge was optimizing 
the sample thickness to enable col-
lection of data from the same sample 
in both the mid-IR and NIR spectral 
regions. The sample had to be thick 
enough to obtain a reasonable NIR 
signal, but not so thick that the mid-IR 
absorbances were off scale. Investiga-
tion of mid-IR absorbances related to 
collagen and proteoglycan that have 
small absorptivity coefficients enabled 
us to achieve this goal. But, protein 
absorbances that are typically investi-
gated in the mid-IR, such as the amide 
I absorbance, would not be feasible in 
an 80-mm tissue section.

Another recent paper of yours de-
scribes how NIR spectroscopy may 
be an alternative to destructive 
biochemical and mechanical meth-

ods for the evaluation of hyaluronic 
acid (HA) (2). What makes NIR a 
good technique for evaluating HA?
In that study, we used an NIR fiber optic 
to investigate hyaluronic acid–based  
developing engineered cartilage tis-
sues. Typically, engineered tissues have 
to be harvested for implantation at an 
optimal timepoint, and determination 
of that timepoint is challenging. In par-
ticular, if, for example, you’re growing 
six constructs, you may harvest one, 
and perform a biochemical analysis to 
assess the composition, and whether or 
not the construct is ready to implant. 
However, the variation in composition 
among constructs can be high, even 
if grown in the exact same conditions. 
So, relying on the outcome from one 
construct to reflect the composition of 
another in the same batch isn’t always 
accurate. Thus, collection of NIR fiber 
optic data that reflect compositional 
data of an individual construct is an 
ideal solution.

What results have you achieved so 
far, and what differences, if any, 
can you observe between native 
and engineered cartilage using 
FT-IR imaging and NIR?
So far, we have successfully developed 
multivariate models based on NIR fiber 
optic data to predict compositional 
properties of developing engineered 
cartilage. We have also used FT-IR im-

aging data to help us understand how 
the fiber optic data change based on 
distribution of various components in 
the tissues, and how sensitive the fiber 
optic data are to these variations. The 
combination of the two different sam-
pling modalities enables us to more 
fully understand the tissue develop-
ment, and how to optimize our data 
collection and processing.

What are your next steps in this 
work?
The next steps for us are going to be 
very exciting! We will grow engineered 
cartilage in the laboratory, identify op-
timal constructs based on our NIR fiber 
optic data, and then harvest them to 
implant in a preclinical model. Further, 
we will use the same fiber optic sam-
pling to assess how the engineered 
construct composition changes once 
it is implanted in vivo. If these experi-
ments are successful, it will be a major 
step towards improved ability to select 
ideal constructs for tissue repair.
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Raman, and only move on to GC or LC 
when IR and Raman don’t work sufficiently 
well (which does happen from time to 
time). I’m very proud of this.

What do you think are the aspect of 
working in industry that scientists in 
academia don’t understand or ap-
preciate?
I am not sure whether it is true that aca-
demic scientists don’t understand or ap-
preciate industrial scientists. Everyone has 
his or her own focus and perspective. Even 
within my own group, I don’t think I always 
understand or appreciate the importance 
of another fellow spectroscopist’s work. 

For example, I have fellow spectroscopists 
who spend all their time in QC labs or QC 
method development, and colleagues 
who devote themselves to process ana-
lytical, and still others whose focus was on 
the data management side, such as library, 
data communication, and chemometrics. 
I think we all need to put ourselves into 
others’ shoes to really appreciate each 
other more. Along the same lines, maybe 
it’s really the diverse type of work we do in 
industry that may be something not fully 
understood or appreciated by outsiders. 
We also face very different types of pres-
sure in industry. While we usually do not 
get stressed out by funding or teaching, 

there are many other things that you have 
to keep abreast of to do your job well, such 
as keeping up with the latest technology 
development, ensuring a robust project 
pipeline, creating a roadmap to ensure 
that we have the most relevant capabili-
ties matching the company’s direction, and 
last, but not the least, meeting the ever-
changing customer and market needs.
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PEER-REVIEWED RESEARCH

LIBS-Based Imaging: Recent  
Advances and Future Directions

Laser-induced breakdown spectros-
copy (LIBS)–based imaging is becom-
ing a promising technique in the panel 
of spatially resolved elemental ap-
proaches. This method has outstand-
ing advantages, such as all-optical in-
strumentation, fast acquisition speed, 
operation at ambient atmosphere, and 
detection limits at the ppm scale for 
most elements. LIBS-based imaging 
has an extensive range of applications, 
including biology, medicine, industry, 
and geology. In this paper, we report 
on recent advances in LIBS imaging, 
focusing on instrumentation, perfor-
mance, and applicability. Two examples 
are shown: first, a speleothem with ap-
plication to paleoclimate studies, and 
second, a biological organ with impli-
cations for toxicology of new drugs 
based on nanoparticles. Finally, some 
future directions are discussed.

V. Motto-Ros, V. Gardette, L. Sancey, M. Leprince, D. Genty,  
S. Roux, B. Busser, and F. Pelascini

In the past few years, the appli-
cation of laser-induced breakdown 
spec t roscopy (L IBS)  to mic ro -

scopic elemental imaging has seen 
significant developments, in terms 
of both instrumentation and appli-
cations (1–4). In LIBS imaging, a se-
ries of laser-induced plasma is gen-
erated at different positions on the 
sample sur face with a predefined 
sequence covering the region of 
interest. Such plasma sources allow 
specific optical responses resulting 
from the elec tronic relaxation of 
atoms and ions excited by the high 
plasma temperature to be elicited 
from the elements constituting the 
sample. The light emit ted by the 
plasma is collec ted and analyzed 
using an optical spectrometer. The 
elemental “signal” (atomic and ionic 
emissions) is then extracted from 
the recorded spectra, and elemen-
tal maps can be obtained in a pixel-
by-pixel manner (Figure 1) (5,6).

The main advantage of LIBS cer-
tainly lies in its simple implemen-
tation. This simplicity is because a 
single laser pulse simultaneously 
samples the material by laser ab-
lation, atomizes, and then excites 
the vaporized mass by heating the 
plasma plume. This simplicity en-
dows this technique with a series of 
advantages, including an all-optical 
design compatible with conven-

tional optical microscopy, operation 
in ambient atmosphere, and fast op-
erating speed up to kHz. In addition 
to its tabletop instrumentation, this 
technique has multielement capabil-
ities, no restrictions in the detection 
of light elements, detection limits 
in the range of ppm for most ele-
ments, and microscopic-scale reso-
lution (2). It also has quantitative 
capabilities through the use of stan-
dards with known concentrations or 
an external calibration using differ-
ent strategies (6–9). All of these ad-
vantages make LIBS imaging highly 
promising, with the potential to be-
come a reference technique in the 
area of spatially resolved elemental 
techniques as a complement to gold 
standard methods, such as laser ab-
lation inductively coupled plasma 
mass spec trometr y (L A- ICP-MS), 
synchrotron radiation microanaly-
sis, or electron probe microanalysis 
(EPMA) (10–13).

Recent ly,  the LIBS communit y 
demonstrated the value of this tech-
nique for a range of applications, 
covering geological, industrial, and 
biomedical domains. For example, 
the capabilit y of LIBS imaging to 
characterize complex samples was 
explored with the analysis of a mul-
tiphase hydrothermal ore sample 
(14). More than 30 elements were 
identified, with the concentration 
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ranges ex tending f rom major to 
trace elements. In an application to 
paleoclimate studies, large-scale 
speleothems and coral  samples 
(>10 cm²) were analyzed, with the 
aim of revealing the laminar struc-
tures related to vegetation or cli-
matic variations (5). Several stud-
ies of industrial materials have also 
been conducted on crystals (7,9) or 
heterogeneous catalysts (8,15). The 
possibility of obtaining elemental 
images of biological tissues was also 
demonstrated in different biomedi-
cal situations (16–18). In this paper, 
we illustrate recent advances in LIBS 
imaging in terms of instrumentation 
and applicability. Two different ex-
amples are shown to illustrate the 
specificities and the current perfor-
mance of this technique.

Experimental
The micro-LIBS system developed 
in our group is based on a custom 

microscope (Figure 2). The opto-
mechanical structure has been de-

signed with the use of cage and 
tube systems commercialized by 

PEER-REVIEWED RESEARCH

FIGURE 1: The principle of LIBS-based imaging. (a) Schematic view of the micro-LIBS 
setup showing the 15x microscope objective used to focus the laser pulse, the mo-
torized platform supporting the sample and an optical detection system connected 
to the optical spectrometer via an optical fiber. (b) Example of single-shot emission 
spectra recorded in four different regions of the sample (a rat kidney sampled 1 h after 
gold nanoparticle administration) with the characteristic emission lines of iron (Fe), 
phosphorous (P), and gold (Au). (c) Principle of data extraction using LasMap Soft-
ware. (d) Example of relative-abundance images of Au (yellow), Fe (red), and P (blue).
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Thorlabs. The device inc ludes a 
laser  in jec t ion l ine,  moni tor ing 
cameras (sample sur face, plasma), 
and illuminators (white light, laser 
pointer), as well as up to three col-
lec tion lines connec ted to spec-
trometers with optical f ibers (19). 
The device is also equipped with 
a Raman system operating at 735 
nm, and allowing punctual analysis 
to be performed. The laser used is 
a nanosecond Nd:YAG laser work-
ing at the fundamental wavelength 
(1064 nm) with a frequency rate of 
100 Hz (Centurion, Quantel). The 
typical pulse energy is in the range 
of 1 mJ for most applications. The 
laser energy is stabilized through-
out the experiment by using a servo 

control loop consisting of a power 
meter and a computer-controlled 
attenuator (Figure 2a). The system 
is equipped with several Czerny-
Turner spec trometers (Shamrock 
303 and Shamrock 500, Andor tech-
nology) coupled to ICCD cameras 
(Istar, Andor Technology) as well as 
compact spectrometers (MayaPro 
and HR2000+ from Ocean Optics), 
which can be operated simultane-
ously. In our instrument, the laser 
beam is focused using a 15x mag-
nification objective (LMM-15X-P01, 
Thorlabs). The typical crater size is 
in the range of 7 µm. For all imag-
ing experiments, a laser-induced 
plasma is generated continuously 
while scanning the sample surface. 

The scanning is performed line by 
line, continuously, in a raster scan 
mode with the use of motorized 
x–y–z stages. The operating speed 
is equivalent to the laser frequency 
(100 Hz), and a 1-megapixel image 
is typically obtained in less than 3 h 
(5). In addition, the measurements 
are per formed at room tempera-
ture under ambient pressure in air 
or in an argon atmosphere. Finally, 
in-house developed software writ-
ten in the LabVIEW environment is 
used to control the entire imaging 
setup, thereby allowing automatic 
scanning sequences in any selected 
region of interest of a given sample 
with a preset laser pulse energy and 
spatial resolution.

For processing the spectral da-
taset, our group has developed a 
custom LabVIEW software, named 
“LasMap.” This software allows the 
relevant intensities to be extracted 
from the spectra before building 
the corresponding elemental im-
ages. We generally use the average 
spectrum (computed with the whole 
spectral dataset) to obtain an over-
view of the spectral structure of the 
sample, allowing the selec tion of 
the lines of interest free of interfer-
ence. Algorithms then extract the 
net intensity of the lines by taking 
into account the baseline level to 
generate a 2D matrix (relative abun-
dance image) (20). This procedure 
is relatively fast for a single matrix 
sample, with a megapixel dataset 
typically processed in less than a 
few minutes.

Results and Discussion
Imaging “Performance”
In LIBS-based imaging, the achiev-
able performance (for example, spa-
tial resolution and detection limits) 
is strongly related to the laser abla-
tion process. To guarantee the best 
shot-to-shot repeatability, it is im-
portant to set up the experiment to 
avoid any overlap between consecu-
tive laser shots. The lateral resolu-
tion is then ultimately governed by 
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the laser-induced damage and the 
limits of detection (LOD) depend 
both on the mass of vaporized ma-
terial (such as the crater volume) as 
well as the excitation capability of 
the laser pulse. Therefore, there is a 
compromise between these param-
eters. As an example, the evolution 
of the detection limit of magnesium 
(Mg) as a function of the crater di-
ameter is shown in Figure 3a. This 
result was obtained on a reference 
glass by modifying the laser pulse 
energy. The LOD shows significant 
deterioration when reducing the 
crater size due to the reduction of 
the ablated mass (plasma density). 
With larger crater sizes, there is 
also an increase of the LOD due to 
the saturation of the detector, that 
was optimized for detecting weak 
signals. To give priority to the de-
tection limits, we preferentially use 
crater sizes in the range of 6 to 10 
µm. It is important to mention that 
laser ablation is a violent process. It 
is accompanied by different mecha-
nisms, including shock wave forma-
tion and thermal dif fusion through 
the sample, that might cause more 
sample deterioration than the ab-
lat ion i t sel f.  The resolut ion wi l l 
then be dependent on the material 
proper ties, par ticularly the hard-
ness. However, resolution <15 µm 
can easily be obtained for the large 
majority of materials.

Figure 3b shows the typical ac-
cessible range of LODs, expressed 
in weight %, obtained in this con-
figuration for most of the elements. 
S u b - p p m  LO D s  a r e  g e n e r a l l y 
achieved for alkali and alkali-earth 
metals. The sensitivity remains at-
tractive for other metals, with LODs 
bet ter than 20 ppm, but strongly 
deteriorates for organic and halo-
gen elements. I t is impor tant to 
emphasize that such relative LODs 
are obtained in a single pulse con-
figuration and from an ablated mass 
in the range of 0.1 nanogram (typi-
cal ablated mass from a single laser 
pulse). Expressed in absolute detec-

tion limits (for example, the small-
est mass quantity that can be de-
tected), values typically lower than 
the femtogram can be achieved.

Paleoclimate Application
Thank s to the 10 0 Hz scanning 
speed, and because there is no 

constraint on the size of the sample 
(such as, for example, no need for an 
ablation cell), large surfaces can be 
easily analyzed. Such features may 
be valuable with geological samples, 
particularly for the characterization 
of speleothems. Stalagmites, stalac-
tites, or columns precipitate from 
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FIGURE 4: Example of elemental images obtained from a speleothem section re-
covered from the Gallo-Roman copper ore mine located close to the “Grotte Bleue” 
in Aude, France. Images shown are (from left to right): an optical image, and high-
lighted composition images for magnesium (Mg), lead (Pb), and copper (Cu).
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seepage waters in caves, and usually 
consist of calcium carbonate, with 
calcite being the most common min-
eral phase. Climate proxies, such as 
Mg, Sr, or Ba, can be retrieved from 
these materials, and may indicate 
changes in climate or environmen-
tal conditions that occurred during 
the growth periods and provide in-
formation on past temperature, pre-
cipitation, and vegetation changes 
over the last hundreds of thousands 
of years (21). For recording paleo-
climate proxies, it is interesting to 
analyze several centimeters, or even 
more, of a sample while maintaining 
resolution on the scale of the annual 
speleothem growth (typical rates of 
0.01 to 2  mm per year) (22).

An example is shown in Figure 4 
for a speleothem extracted from a 
Gallo-Roman copper ore mine situ-
ated close to the “Grotte Bleue” in 
Aude, France (courtesy of D. Genty 
and P. Cabrol of Les directions ré-
gionales de l ’Environnement, de 
l ’Aménagement et du Logement 
[DREAL], in Toulouse, France). At the 
collection site, there is a strong abun-
dance of copper, which gives a par-
ticular blue color to this mineral. This 

site is also known to be rich in iron, 
lead, and arsenic. Amphoras discov-
ered on the site suggested Roman 
use of the cave from the 1st century 
BC, but it is suspected that the site 
was also occupied in the Bronze Age 
(23). In the example shown in Figure 
4, a mapping sequence of 2300 x 1600 
pixels was performed with a step size 
of 24 µm, which corresponds to a sur-
face of analysis of more than 20 cm². 
The optical image of the sample and 
elemental images of Mg and Pb are 
shown. These results illustrate that 
the resolution capabilities of the LIBS 
imaging method and annual growth 
layers can be observed. It is worth 
mentioning that other elements, such 
as Cu, Ag, Sr, Ba, Al, and Si, were also 
detected. The interpretation of their 
results is currently being explored by 
specialists.

Imaging Biological Specimens
LIBS-imaging can also be applied 
on soft biological tissues. Our first 
work in this area was conducted on 
a mouse kidney to image the bio-
distribution of NPs before admin-
istration to animals (6,24,25). These 
studies were followed by several 

articles reporting biological studies 
conducted on murine animals, where 
LIBS was used as a complement to 
more conventional techniques such 
as transmission electron microscopy 
(TEM) or f luorescence microscopy 
(17,18,26). More recently, studies were 
also conducted with human speci-
mens of medical interest (16,27). In 
health infrastructures, the possibil-
ity of coupling LIBS imaging with 
conventional histopathology could 
be highly valuable for making some 
medical diagnoses. Because LIBS 
imaging is compatible with the light 
microscopy used in pathology labo-
ratories, it may provide important 
support for uncovering the elemental 
composition of tissues, particularly in 
the case of numerous pathologies re-
lating to exposure to metals (such as 
respiratory diseases, dermatological 
diseases, and cancers).

As an example, Figure 5 shows 
an image obtained for a rat kidney 
section. The organ was sampled 1 
h af ter intravenous administration 
of gold nanopar ticles (NPs). This 
experiment was per formed with a 
resolution of 10 µm, and represents 
2 million individual pixels. Three el-
ements are represented with a false 
color scale: Au in yellow, P in blue 
(the P distribution reflects the histo-
logical structure of the tissue), and 
Fe in red (in this case, the threshold 
allows for visualizing Fe from hemo-
globin, and by extent, blood ves-
sels). As observed in several previ-
ous work (6,26), small NPs are mainly 
eliminated by the renal route with 
partial retention in the cortex region 
of the organ (peripheral region), in-
dicating a normal elimination pro-
cess. More generally, the possibil-
ity of imaging NP distribution at the 
entire organ scale and without any 
labeling is highly relevant for stud-
ies involving the development of 
new drugs based on metals.

Status and Future Directions
LIBS-based imaging is a mature 
technique for var ious c lasses of 
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FIGURE 5: Multielemental image of a rat kidney after intravenous injection of gold 
(Au) nanoparticles. Merged image composed of the combination of three false color 
elemental images for Au (yellow), P (blue) and Fe (red). These animal experiments 
were approved by the local ethics committee under agreement A21231016EA.
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materials. These materials consist 
of a homogeneous matrix in which 
it is desired to observe the possible 
heterogeneity of minor or trace ele-
ments (both examples shown above 
in Figures 4 and 5). The advantage 
of such a simple material is that ma-
trix effects can be avoided, greatly 
facilitating the calibration of raw in-
tensities. In addition, since we are in-
terested in minor or trace elements, 
line saturation phenomena (such as 
self-absorption and detector satura-
tion) are nonexistent, and the inten-
sity of the measured lines is linearly 
dependent on the concentration.

However, dif ficulties arise when 
considering complex materials with 
multiple matrices. These dif ficul-
ties are inherent to all elemental 
imaging methods. Regardless of the 
analytical technique, the interaction 
between the primary beam and the 
material will always depend on the 
sample proper ties. The recorded 
signal will then be dependent on the 
material (nature, hardness, composi-
tion, and so on), so it is dif ficult to 
generate a quantitative analysis on 
such complex material, regardless 
of the technique used. Currently, the 
classical way to calibrate the intensi-
ties is to use reference samples for 
each phase of the material, knowing 
that in practice these standards do 
not always exist. An interesting pos-
sibility for the future is to implement 
a calibration-free approach. Such a 
method does not require external 
references because it only relies on 
the physical analysis of the spectra. 
By considering a given plasma model 
and measuring its parameters (such 
as temperature or electronic density, 
for example), it is possible to extract 
the concentrations of the various de-
tected elements, regardless the type 
of the matrix. Such a method could 
be highly promising for the develop-
ment of the technique, and several 
groups are currently working on its 
implementation.

An additional difficulty related to 
emission spectroscopy comes from 

the possible complexity of the sig-
nal. Some elements, such as transi-
tion metals, have a large number of 
emission lines from the ultraviolet 
(UV ) to near infrared (NIR) range. 
This is the case in particular for iron 
or titanium. If one or more of these 
elements are a matrix constituent, 
the observed spectra will be spec-
trally dense, and the desired lines 
(generally from minor or trace ele-
ments) will likely be masked. In this 
case, the per formance in terms of 
sensitivity will deteriorate.

Managing the processing of data 
obtained on complex samples also 
represents a challenge and limits 
the fields of possible exploration 
of the technique. It must be kept in 
mind that the data to be processed 
are very large (up to several tens of 
gigabytes), and the software used 
cannot be supervised. It is indeed 
impractical to interpret spectra one 
by one for a megapixel analysis. A 
promising possibil i t y that is cur-
rently being explored is the use of 
statistical analysis methods (such 
as chemometrics). In general, these 
methods allow the dimensionality of 
a series of data to be reduced by 
looking for correlations among the 
different variables, thus making the 
information less redundant and eas-
ier to handle. We recently published 
an article detailing the implementa-
tion of principal component analysis 
(28), and several groups in the LIBS 
community are currently exploring 
other methods, such as the possi-
bility of using machine learning ap-
proaches.

Conclusion
LIBS imaging is currently experi-
encing signif icant development, 
with an increase in the number of 
published papers during the last 
three years. Due to the feasibility 
studies conducted in laboratories, 
this approach is becoming increas-
ingly mature, and is cur rent ly a 
good candidate to become a ref-
erence approach for spatially re-

solved elemental characterization 
in the near future. LIBS has unique 
specificities, such as the possibil-
i t y of reaching micrometer-scale 
resolution with limits of detection 
down to ppm, operation at ambi-
ent conditions with tabletop, and 
all optical instrumentation. Regard-
ing the acquisition rate, recent work 
has demonstrated the possibility of 
access to kHz acquisition rates (29), 
and higher operating speeds should 
be achieved very soon.

The future will tell if LIBS-based 
imaging can be generalized and 
used out s ide ac ademic labora-
tories. What is cer tain is that, at 
some point, its development will 
have to be supported by large in-
dustrial groups. In the meantime, 
researchers still have some work to 
explore. In particular, the analysis 
of complex materials (those com-
posed of several matrices) appears 
challenging, both for quantification 
and data processing. Further stud-
ies dedicated to these issues need 
to be conducted, and the use of 
calibration-free LIBS and advanced 
chemometric tools represent inter-
esting opportunities.
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A Label- and Enzyme-Free  
Fluorescent Method for the Rapid 
and Simple Detection of Hg2+  
in Cigarettes Using G-Triplexes 
as the Signal Reporter

Knowledge about the quantity of Hg2+ 
in tobacco is important for the health 
of smokers. Thus, a novel G-triplex-
based label- and enzyme-free fluores-
cent method was developed for de-
tecting Hg2+ in tobacco. In this system, 
the target Hg2+ ions associate with the 
DNA complex that serves as a probe 
through formation of specific thymine-
Hg2+-thymine (T-Hg2+-T) base pairing, 
which results in the release of the P2- 
containing G-triplexes. Subsequently, 
fluorescence enhancement is achieved 
by producing G-triplexes, which bind 
with thioflavine T (ThT). A detection 
limit of 0.2 nM was achieved within 40 
min. The method has been successfully 
applied to the detection of mercury 
in tobacco. At this time, the applica-
tion for detecting Hg2+ in tap and river 
water samples also indicates that fur-
ther applications are anticipated.

Hui Zhao, Yang Zhao, Xiaoxi Si, Juan Li, Yuanxing Duan, Wei Jiang, 
Chunbo Liu, Junheng You, Zhenjie Li, and Qinpeng Shen 

In recent years, the develop-
ment of non-ferrous metal miner-
als, coal-fired flue gas, and solid 

waste incineration have increased 
the production of heavy metals and 
toxic substances in the environment, 
resulting in increased risk of exces-
sive levels of mercury in tobacco (1–
4). This can impart a sizable health 
risk to smokers when too much mer-
cury, present as Hg2+, is deposited 
in tobacco (5–7). Therefore, it is im-
portant to be able to provide rapid 
and simple detection of the quanti-
ties of Hg2+ in tobacco.

Conventional trace Hg2+ detec-
t ion methodologies inc lude the 
use of atomic f luorescence spec-
trometry (AFS), atomic absorption 
spectroscopy (AAS), and inductively 
coupled plasma–atomic emission 
spectrometry (ICP-AES), but the in-
strumentation required for such ap-
proaches is expensive, and the pro-
cess is complicated, which limits the 
application into a broader range of 
areas. At the same time, colorimet-

ric sensor technology (8–10), elec-
trochemical sensors (11–14), and flu-
orescence sensors (15–18) have also 
been developed for the detection of 
mercury ions. For example, Zhu and 
associates developed a strategy to 
detect Hg2+ using a highly sensitive 
colorimetric sensor based on the 
aggregation of gold nanoparticles 
driven by cationic polymers (9). The 
method has the advantages of high 
efficiency and speed, but requires 
additional capital investment and 
more t ime. Bao and col leagues 
developed an electrochemical ap-
tamer sensor for Hg2+ detec tion, 
which makes use of an exonuclease 
to achieve cycling and amplif ica-
tion, but the enzyme was found to 
be dif ficult to store and was easily 
inactivated (13). To solve the above 
problems, a f luorescence method 
(19–25), which has advantages such 
as stability, simplicity, and rapid de-
tection, has been successfully used 
for profiling low levels of Hg2+. For 
example, Wang and colleagues de-
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veloped a DNA-fueled molecular 
machine for f luorescent detection 
of Hg2+ (19), Chen and associates 
repor ted a gold nanorods-based 
FRET assay for ultrasensitive de-
tection of Hg2+ (24). However, the 
cumbersome fluorophore labeling 
contributes to making the experi-
mental process more complicated. 
Therefore, it was imperative to de-
velop an enzyme-free and label-free 

fluorescence method for the detec-
tion Hg2+.

In the present study, a simpli-
fied approach that makes use of a 
fluorescence probe based on the G-
triplex structure to detect Hg2+ with 
high sensitivity is reported. The P1 
chain is composed of a large num-
ber of T bases, which are bound by 
Hg2+ to form a stable hairpin struc-
ture, ThT. The terminal end of the P2 

strand was packed with abundant G 
sequences, which combine to pro-
duce enhanced fluorescence in the 
presence of ThT. Thus, a label- and 
enzyme-free strategy was imple-
mented for simple and rapid detec-
tion of Hg2+, avoiding a cumbersome 
labeling process and avoiding the 
use of G-triplex enzymes. Moreover, 
the method has been successfully 
applied to the detection of mercury 
in both tobacco and water samples, 
which indicates that broader applica-
tions of this method are anticipated.

Materials and Methods
Materials
The polyacrylamide gel electropho-
resis (PAGE)-purified P1, d(CATTCA
ATACTTTGGGTACTTCATCATCAC
TTCCCATTGTATTGAATTAGATCTT
CGTA), and the polyacrylamide gel 
electrophoresis (PAGE)-purified P2, 
d(CCACATACATCATATTCTCTCAT
TCAATACAATGGGTAGGGCGGG), 
were obtained from Sangon Biotech-
nology Co., Ltd., the P1 and P2 were 
designed according to previous lit-
erature (19). The documentation per-
taining to the indicated amino acid 
sequences is available on the supplier 
website. The salts used to prepare 
the ionic solutions, including KCl and 
Hg (NO3)2, and trishydroxymethylami-
nomethane hydrochloride (Tris-HCl) 
were purchased from Comio Chemi-
cal Reagent Co., Ltd. ThT was sup-
plied by J&K Scientific Co., Ltd. 

Instrumentation
DNA f luorescence intensi t y was 
measured at the excitation band of 
420 nm using a spectrofluoropho-
tometer (RF-5301pc, Shimadzu), in 
which the slits were set to 5.0 and 
5.0 nm for excitation and emission, 
respectively. The method was eval-
uated at the fluorescence intensity 
of 490 nm, which has been demon-
strated to be the maximum emis-
sion intensity. Absorbance spectral 
measurements were obtained on a 
UV-2450 spectrophotometer (Shi-
madzu Co.).
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SCHEME 1: Diagram of the probe-based G-triplet for detecting Hg2+

TABLE I: A  comparison of methods for detecting Hg2+

Detection Method Target Linear Range Detection 
Limit Reference

Colorimetric Hg2+ 0.25–500 nM 0.15 nM (9)

Electrochemical Hg2+ 0.5 nM–5 µM 0.14 nM (11)

Electrochemical Hg2+ 0.2 pM–35 nM 0.12 pM (13)

Flourescence Hg2+ 50 pM–20 nM 10 pM (19)

Flourescence Hg2+ 0.1–100 nM 65 pM (27)

Flourescence Hg2+ 18.4–14.7 nM 1.2 nM (28)

Flourescence Hg2+ 1–100 nM 0.2 nM This work

TABLE II: The experimental results for six cigarette shreds analyzed by this 
method

Sample Hg2+ Concentration (µg/L) Hg2+ Content (µg/Kg)

1 0.5392 26.96

2 0.7158 35.65

3 0.7530 37.65

4 0.6507 32.54

5 0.9110 45.55

6 0.7995 39.98
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Fluorescence Measurements
P1 and P2 were diluted in Tris-HCl 
buf fer, heated to 95 °C for 5 min. 
and then cooled slowly to room 
temperature for 1 h. Then 250 µL  

reaction samples containing P1 and 
P2 with dif ferent concentrations of 
Hg2+ were prepared in Tris-HCl buf-
fer followed by incubation at 35 °C 
for 40 min. The fluorescence inten-

sity of ThT was measured in the spec-
tral region 460–580 nm, where the 
maximum emission was at 490 nm.

Real Sample Analysis
Initially, 0.2000 g of dried tobacco 
samples and 5.0 mL of concen-
trated nitric acid and 1.5 mL of hy-
drogen peroxide were combined 
in poly tetraf luoroethylene (PTFE) 
high-pressure digestion tanks, and 
were digested in a microwave diges-
tion apparatus. A graphite furnace 
electrothermal acid meter was used 
to catch acid at 120 °C. After 30 min, 
the sample was centrifuged (10000 
r/min) and filtered through a 0.22 μm 
microporous membrane to eliminate 
possible inter ference factors, and 
the volume was adjusted to 100 mL 
with an appropriate amount of dis-
tilled water. A volume of 100 μL of 
the above-mentioned shredded to-
bacco digestion solution was taken, 
and mixed with 10 0 μL of probe 
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FIGURE 1: Fluorescence intensity of samples under different conditions. From 
bottom to top: (a) P1 + P2 (red), and (b) P1+P2+Target (black). The concentra-
tions of P1 and P2 were both 100 nM. All the above solutions were incubated 
in Tris-HCl buffer at 35 °C for 40 min followed by fluorescence measurement.
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solution, 200 μL of Tris-HCl buffer so-
lution (pH 7.0), and to that added an 
appropriate volume of distilled water 
to a final volume of 1 mL. After being 
allowed to stand for 10 min, the sample 
was transferred to a quartz cuvette and 
the absorbance spectrum measured.

Under optimal conditions, it was 
necessary to filter the river samples 

to avoid insoluble impurities. In the 
recovery tests, aliquots of tap and 
river water samples together with 
the f luorescent probe with dif fer-
ent concentrations (10, 20, 30 nM) 
of Hg2+ were added to the probe so-
lutions and incubated for 40 min. All 
other reaction conditions were the 
same as in the above procedures.

Results and Discussion
Fluorescence Detection of  
Hg2+ Design Mechanisms
Scheme 1 illustrates the operating 
principle of the proposed method 
for rapid label- and enzyme-free 
Hg2+ detection. The P1 chain is com-
posed of a large number of T bases, 
which are bound by Hg2+ to form a 
stable hairpin struc ture ThT. The 
terminal end of the P2 strand was 
packed with abundant G sequences, 
which combine to enhance the fluo-
rescence intensity in the presence 
of ThT. Thus, when there was no tar-
get, a weak f luorescence intensity 
was be observed. However, when 
the target was added, the fluores-
cence intensity was enhanced sig-
nificantly.

To demons t ra te the method, 
Hg2+ was detec ted by assessing 
the changes in fluorescence inten-
sity before and af ter adding Hg2+. 
As shown in Figure 1, when there 
was no target, a weak fluorescence 
intensity was observed. When the 
target was added, the fluorescence 
intensity was enhanced significantly. 
At the same time, to further verify 
feasibility of the experiment, the ab-
sorption spectrum of ThT, in which 
the maximum absorption peak was 
420 nm, was verif ied as shown in 
Figure 2.  

Optimization of the 
Experimental Conditions
For measurement of the enhanced 
fluorescence intensity, the reaction 
temperature was found to be a key 
fac tor af fec ting the f luorescence 
intensit y. As shown in Figure 3a, 
the fluorescence intensity is stron-
gest at 35 °C. Thus, 35 °C should 
be used as the optimum reaction 
temperature for subsequent experi-
ments. At the same time, as seen in 
Figure 3b, an optimal reaction ratio 
between P1 and P2 can be consid-
ered to be 1:1. In addition, we also 
tested the effect of K+ concentration 
and pH and ThT concentration on 
fluorescence intensity. As shown in 
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FIGURE 3: Optimization of the experimental conditions: (a) the hybridization 
temperature, (b) the reaction ratio, (c) the concentrations of K+, (d) pH, (e) 
the concentrations of ThT, and (f) the reaction time. The error bar represents 
the standard deviation of three measurements. All the above solutions were 
incubated in Tris-HCl buffer followed by fluorescence measurement. 
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Figures 3c, 3d, and 3e, the fluores-
cence intensity reached a maximum 
at a K+ concentration of 30 mM, and 
an optimum at pH = 7, and 2 µM 
can be considered as the optimum 
concentration of ThT. At the same 
time, the reaction (incubation) time 
was also optimized and extended 
from 10 min to 60 min, as shown in 
Figure 3f, where the f luorescence 
intensity gradually increased up to 
40 min. The fluorescence intensity 
plateaued after 40 min and thus was 
selected as the optimum time for in-
cubation. 

Assay Performance of the System
To understand the sensitivity of this 
strategy, the change in fluorescence 
intensity of Hg2+ at 420 nm was used 
to quantitatively detect the Hg2+ 
concentration. From Figure 4, the 
fluorescence intensity is enhanced 
with addition of increasing Hg2+ con-
centration. When the Hg2+ concen-

tration was increased incrementally 
from 1 nM to 100 nM, the intensity in-
creased linearly, with a linear regres-
sion equation of Y = 0.573C + 118.937 
(R2 = 0.989), where Y and C represent 
fluorescence intensity and Hg2+ con-
centration, respectively. The detec-
tion limit for Hg2+ was calculated to 
be 0.2 nM (3 δ/k) and the results of 
from methods previously reported 
for Hg2+ detection were compared, 
as listed in Table I. 

Selectivity of Hg2+ Detection
Selec tive detec tion represents a 
critical performance characteristic 
to ver i f y this s t rategy. To selec-
t ively d is t inguish bet ween Hg2+ 
and other inter fer ing metal ions 
(Cd2+, Cu2+, Fe2+, Mg2+, Ca2+, Mn2+, 
Na+), we conducted a series of con-
trol experiments and the result s 
are summarized in Figure 5. These 
represent a good i l lus t rat ion of 
the selectivity for Hg2+ and further 
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TABLE III: Recovery experiments for Hg2+ in tap and river water samples

Sample Added (nM) Found (nM) Recovery (%)

Tap water 1 0 Not found NA

Tap water 2 10 11.1 ± 0.2 111

Tap water 3 20 19.5 ± 1.6 97.5

Tap water 4 30 28.3 ± 2.2 94.3

River water 1 0 Not found NA

River water 2 10 11 ± 1.3 110

River water 3 20 21 ± 1.4 105

River water 4 30 34 ± 2.2 113
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demonstrates the feasibility of the 
present strategy. 

Analysis of Real World Samples
To examine the feasibili t y of the 
developed fluorescence probe, we 
analyzed real samples. Six cigarette 
shreds on the market were measured 
by this method. As summarized in 
Table II, the average content of Hg 
was found to be 36.41 µg/kg in the 
tested tobacco, which indicates con-
siderable exposure to the smoker if 
smoking cigarettes for a long time.

In addition, two real samples of 
tap and river water were also ana-
lyzed to assess the feasibility of the 
strategy. Various concentrations of 
Hg2+ (10, 20, and 30 nM) were added 
to tap and river water, and the results 

are shown in Table III. Appreciable 
recovery was detected, indicating 
that the method based on G-triplex 
can be successfully applied to real 
samples.

Conclusion
A G-t r ip lex-based f luorescence 
strategy for the detection of Hg2+ is 
reported, that avoids cumbersome 
labeling procedures and unstable 
enzymes. At the same t ime, the 
probe also demonstrates good sen-
sitivity and selectivity for the detec-
tion of Hg2+. The limit of detection 
was found to be 0.2 nM with a wide 
linear range from 1 nM to 100 nM (R2 
= 0.989). We believe that this strat-
egy provides support for ion detec-
tion based on G-triplex probes. 
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Influence of Spectral Interferences 
on the Reliability of Data When 
Using Analyte Addition  
Techniques with ICP-OES

A common misconception among users 
of inductively coupled plasma optical 
emission spectrometry (ICP–OES) is 
that good “spike” recoveries automati-
cally indicate that the original sample 
results are accurate. Another com-
mon misconception is that the use of 
method of standard additions (MSA) 
as a means of calibration to correct for 
interferences will also always produce 
accurate results. This tutorial shows 
that neither of these techniques will 
produce accurate results if the inter-
ference is from spectral overlaps that 
have not been corrected by other ap-
propriate means.

Deborah K. Bradshaw

When using any atomic 
spectroscopy technique 
for elemental analysis, 

it is easy to obtain results. Validat-
ing that the results are accurate is 
not always so easy. There are many 
practices used to help validate that 
results are accurate. The analysis of 
calibration verif ication solutions, 
reference materials, inter ference 
check solutions, samples prepared 
in duplicate, and analyte addition 
techniques are some ways used to 
verify the data is accurate.

There are two types of analyte ad-
dition techniques commonly used in 
atomic spectroscopy. The first is to 
fortify a portion of a sample with a 
known additional concentration of an-
alyte, or what is termed to “spike” the 
sample. There are also times when, in-
stead of using simple calibration stan-
dards and reading the analyte concen-
tration from the calibration curve, a 
technique of method of standard ad-
ditions (MSA) is used. In this scenario, 
the calibration curve is achieved in the 
presence of the sample matrix. 

There are three basic types of in-
terferences that can be experienced 

using this inductively coupled plasma 
optical emission spectrometry (ICP-
OES): 1) physical interferences that 
have to do with how much sample 
is transported into the plasma with 
each solution analyzed; 2) interfer-
ences from the sample matrix hav-
ing an ef fect on the population of 
excited atoms and ions within the 
plasma; and 3) spectral interferences 
where something other than the ana-
lyte of interest produces spectra dif-
ferent from the plasma at the mea-
sured wavelength. Acceptable spike 
recoveries (typically 85% to 115% in 
a real sample matrix) is a good indi-
cator of physical and matrix interfer-
ences. Using MSA can help alleviate 
both of these problems. What nei-
ther of the techniques properly ad-
dresses are spectral interferences.

Unfortunately, a common mistake 
is believing that achieving good 
“spike” recovery or obtaining re-
sults using MSA is a guarantee for 
repor ting accurate results. While 
obtaining poor spike recoveries is 
an indicator of results that are prob-
ably not accurate, good recoveries 
do not guarantee compensation 
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for all types of interferences. While 
using MSA rather than simple cali-
bration can compensate for some 
types of inter ferences, it does not 
compensate for all interferences for 
the same reason. Neither of these 
techniques will indicate or compen-
sate for spectral interferences.

Experimental
To show the problem, the determi-
nation of phosphorus in the pres-
ence of a high concentration of Cu 
is used as an example. Two ver y 

commonly used phosphorus wave-
lengths, 213.617 and 214.914, both 
suf fer from overlaps from nearby 
copper wavelengths, 213.597 (and 
213.599) and 214.898, respectively. 
A third wavelength, 177.434, also will 
show overlap from Cu 177.427. The 
P 178.221 wavelength does not suf-
fer from this same problem. In this 
study, the P 178 wavelength is used 
as a control.

A method was set up for the de-
termination of P at the four wave-
lengths cited above. Calibration was 

achieved using standards prepared 
in 1% HNO3 at 5, 10, and 20 mg/L P. 
All calibration curves had correlation 
coefficient of 0.998 or 0.999 with lin-
ear regression type curve. A solution 
containing 10 mg/L P and 200 mg/L 
Cu was analyzed. A portion of this 
sample was then spiked with an extra 
10 mg/L P, and analyzed. 

MSA was then used for sample 
analysis. Four portions of the sample 
were spiked with the calibration blank 
and the three standards, 5, 10, and 20 
mg/L, to achieve calibration. Correla-

TUTORIAL

TABLE I: Results for the sample and fortified sample using simple calibration and for sample using MSA calibration

Simple Calibration MSA Calibration

P 
Wavelength

Sample Conc. 
(mg/L)

Fortified Sample 
Conc. (mg/L)

% Spike 
Recovery

Sample Conc. 
(mg/L) % Recovery

P 213.617 21.2 32.2 110 24.9 249

P 214.914 13.5 23.3 98 17.3 173

P 177.427 15.0 24.7 97 14.2 142

P 178.221 10.5 20.1 96 9.7 97
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tion coefficients were again 0.998 and 
0.999 for the wavelengths used.

Results
Generally, acceptable “spike recov-
eries” are considered to be within 
15%. When the sample and its spike 
were analyzed, the recoveries were 
calculated. The results are shown in 
Table I. Calculated spike recoveries 
for all the wavelengths fall within 
acceptable (15%) criteria. However, 
the only wavelength to show correct 

results for the known concentration 
of 10 mg/L is P 178.221. The results 
for the sample when using MSA are 
also shown in this table. When using 
MSA, that is also the only wavelength 
to show correct results.

The problem is that Cu provides 
a spectral interference on all wave-
lengths except the P 178, contribut-
ing to the P concentration, and this 
has not been compensated. Figure 
1 shows examples of the spectral 
peaks for the unknown at the four 

wavelengths. Only P 178.221 is free 
from the spectral overlap.

To correct for the spectral over-
laps, interelement correction was ap-
plied for the P 213, P 214, and P 177 
wavelengths. Simple calibration was 
once again used and not MSA. Table 
II shows the corrected data for these 
wavelengths. Now all wavelengths 
are in concentration agreement of 
the known value of 10 mg/L, as well 
as good recoveries of the fortified 
portion of the sample.

Conclusion
It is important for the analyst to use 
all quality control tools when analyz-
ing sample with complex matrices. 
Good spike recoveries and using 
MSA alone may end up in the re-
porting of inaccurate data. Analyte 
addition techniques are helpful for 
compensation of physical and ma-
tr ix issues, but are not suf f icient 
for correcting for spectral interfer-
ences. Viewing the spectral data 
is a good troubleshooting tool to 
determine if these problems exist 
and need further correction for the 
wavelengths chosen.

TUTORIAL

For more information on this topic, 
please visit our homepage at: 
www.spectroscopyonline.com
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TABLE II: Results for the sample and fortified sample using simple calibration 
after spectral interferences have been corrected using interelement correc-
tions (IEC)

P Wavelength Sample Conc. 
(mg/L)

Fortified 
Sample Conc. 

(mg/L)

% Spike 
Recovery

P 213.617 10.7 21.6 109

P 214.914 10.1 19.9 98

P 177.427 9.95 19.5 96

P 213.617 P 214.914

P 177.434 P 178.221
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FIGURE 1: Spectra for the sample containing 10 mg/L P and 200 mg/L Cu 
for the four wavelengths used for this study: (a) P 213.617, (b) 214.914, (c) P 
177.434, and (d) P 178.221.
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PITTCON PRODUCT SHOWCASE

Portable Raman spectrometer
The STRam, part of B&W Tek’s i-Raman series, is designed to 
unite a high throughput spectrometer, specialized sampling 
optics, and advanced algorithms in a portable Raman sys-
tem. According to the company, the spectrometer provides 
material identification through a variety of barrier layers 
and packaging previously 
impenetrable with Raman, 
including clear or semi-
transparent containers, 
white and red plastics, pill 
coatings, and more.
B&W Tek, 
Newark, DE.
www.bwtek.com

Raman probe
The TR-PROBE Raman probe from Coherent is designed as 
a plug-and-play upgrade to existing spectrometers with mul-
tiple-sample interface accessory options. According to the 
company, the probe offers a user-friendly option for simulta-
neously collecting both chemical and structural information 
from the sample in a range of environments, and is suitable 
for monitoring reactions 
and measuring degree  
of crystallinity. 
Coherent, 
Santa Clara, CA.
https://go.coherent.com/
pittcon20

Automated muiti-elemental microscope
Elemission’s Coriosity analyzer is designed to scan surfaces 
using LIBS technology at a speed of 1000 measures per s 
and down to 50 µm spatial resolution. According to the com-
pany, the microscope enables analysts of all experiment lev-
els to observe, measure, and analyze micro or macro samples 
for lithium batteries, electri-
cal/electronics, forensics, 
geosciences, element seg-
regation, studying sample 
homogeneities, and more.
Elemission, Inc.,
Montreal, QC, Canada.
www.elemission.ca

Demountable torch
Glass Expansion’s D-Torch 
is designed as a fully-
demountable torch. 
According to the company, 
the torch can provide 
lower running costs, chem-
ical inertness, and configu-
rable injector geometry 
without compromising 
usability, performance, or 
durability, and it is avail-
able for many of the most popular ICP models, including Agi-
lent’s 5100, 5800, and 5900 ICO-OES models. 
Glass Expansion, Pocasset, MA. www.geicp.com/D-Torch

Diamond ATR accessory
Harrick’s DiaMaxATR is designed 
to fit most FT-IR spectrometers. 
According to the company, the 
accessory can be used with a 
variety of sample types, includ-
ing challenging samples such as 
extremely hard solids, abrasive 
powders, and highly corrosive 
liquids. Optional headed and flow 
cells are available, along with a 
force sensor with digital read-out. 
Harrick Scientific Products, Inc., 
Pleasantville, NY.
www.harricksci.com

Raman analyzer
The Raman Rxn2 ana-
lyzer from Kaiser Optical 
Systems is designed to 
provide high-resolution, 
research-grade Raman 
spectra on a portable 
platform for process devel-
opment monitoring and 
control. According to the 
company, a single analyzer 
can collect Raman data from four channels, addressable by 
fiber-optic probes, and is capable of direct in situ measure-
ments with the need for custom sampling devices. 
Kaiser Optical Systems, Inc., Ann Arbor, MI. www.kosi.com

MEMS-based NIR spectral sensor
Ocean Insight’s NanoQuest 
spectral sensor is designed 
for qualification and quan-
tification of materials from 
1350 to 2500 nm (7400 
to 400 cm-1). Accord-
ing to the company, the 
micro-electro-mechanical 
systems (MEMS)-based 
sensor includes an optical 
fiber and operating software, and can be coupled to its vari-
ous light sources and accessories to configure systems for 
absorbance and transmission or reflectance measurements. 
Ocean Insight, Largo, FL. www.oceanInsight.com

Raman analyzer
The Virsa Raman ana-
lyzer from Renishaw is 
designed for reliable 
and detailed remote 
analysis. According to 
the company, the ana-
lyzer enables the expan-
sion of applications of 
Raman spectroscopy 
to a new range of samples and environments beyond the 
confines of a laboratory Raman instrument, and the system 
includes a spectrometer with one or two internal lasers. 
Renishaw, West Dundee, IL. 
www.renishaw.com P
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PITTCON PRODUCT SHOWCASE

UV-vis spectrophotometers
The UV-i group of UV-vis spectrophotometers from Shi-
madzu are designed to provide improved quality control 
productivity, data analysis and management, and operating 
efficiency. According to the company, the series includes six 
models, all of which include an automatic pass/fail determi-
nation and are equipped standard with a spectral evaluation 
function in the software 
that automatically deter-
mines whether data satis-
fies the specified criteria. 
Shimadzu Scientific 
Instruments,  
Columbia, MD. 
www.ssi.shimadzu.com

Raman spectrometer
A Raman spectrometer from Wasatch photonics is designed 
with an integrated 250 mW multimode laser with fiber-cou-
pled output and power control via software. According to the 
company, units are available 
in 785 nm and 830 nm mod-
els, covering the fingerprint 
region with ~6 cm-1 resolution 
(uncooled, TEC-regulated, or 
cooled detector). 
Wasatch Photonics, 
Durham, NC. 
www.wasatchphotonics.com

Microparticle analysis tool
ParticleScout from WITec 
is designed as an analy-
sis tool for the alpha300 
Raman microscope series 
that surveys, categorizes, 
analyzes, quantifies, 
and identifies particles 
over large sample areas. 
According to the company, 
automated routines sort 
particles and acquire their 
Raman spectra, generat-
ing a report that provides a detailed overview of the sample. 
WITec GmbH, Ulm, Germany. www.witec.de

In-situ reaction monitoring analyzer
ABB’s MB-Rx in-situ reac-
tion monitoring analyzer 
is designed to provide 
plug-and-play analyses for 
research laboratories and 
pilot plants. According to 
the company, the analyzer 
offers chemists direct 
access to real-time experi-
ment data via an insertion 
probe and an intuitive  
software interface.
ABB Measurements & Analytics,  
Quebec, Canada. www.abb.com/analytical 

Electron backscatter diffraction camera
The Velocity EBSD camera 
from EDAX is designed 
for high-speed electron 
backscatter diffraction 
mapping. According to 
the company, the camera 
combines indexing speeds 
greater than 3000 indexed 
points per s, with indexing 
success rates of 99% or better, and image resolution that pro-
vides orientation precision values of less than 0.1°.
EDAX, Inc., Mahwah, NJ.
www.edax.com

Spectrofluorometer
The FS5 integrated fluores-
cence spectrometer from 
Edinburgh Instruments is 
designed for measuring 
steady state fluorescence, 
fluorescence lifetime, and 
phosphorescence lifetime 
through UV-vis-NIR spectral 
ranges. According to the 
company, the spectrofluo-
rometer provides sensitivity 
by single-photon counting. 
Edinburgh Instruments, Livingston, UK. 
www.edinst.com

Grating-based spectrometer
The C14384MA-01 com-
pact grating-based spec-
trometer from Hamamatsu 
is designed for measuring 
sugar content in fruit. 
According to the company, 
the spectrometer has a 
spectral response range 
of 640 to 1050 nm, and a 
resolution of 17 to 20 nm 
(depending on the wavelength), and is suitable for pocket 
(consumer) spectrometers and handheld instruments. 
Hamamatsu Corporation, Bridgewater, NJ. 
www.hamamatsu.com

Diffraction database
The PDF-4+ 2019 database from ICDD is designed for phase 
identification and quantitative analysis. According to the 
company, the database includes 412,083 entries with digital 
patterns for use in total pattern analysis; 312,395 entries with 
I/Ic values for quantitative analysis by reference intensity 
ratio; and 311,225 entries 
with access to atomic 
coordinates sets for quan-
titative analysis by the 
Rietveld method. 
International Centre for 
Diffraction Data, 
Newtown Square, PA. 
www.icdd.com

http://www.sci.shimadzu.com
http://www.wasatchphotonics.com
http://www.witec.de
http://www.abb.com/analytical
http://www.edax.com
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ULF Raman filters
BragGrate Raman fil-
ters from OptiGrate 
are designed to enable 
access to Stokes and 
anti-Stokes Raman bands 
in the ultralow terahertz 
frequency range down to 
5 cm-1. According to the 
company, laser line clean-
ing and light rejection 
notch filters are provided, 
and the filter production line is extended to cover many stan-
dard and custom laser wavelengths from 405 nm to 1550 nm. 
OptiGrate, Oviedo, FL. www.optigrate.com

All-purpose diamond ATR accessory
The IRIS diamond attenu-
ated total reflectance 
accessory from PIKE 
Technologies is designed 
for infrared sampling of 
powders, gels, liquids, 
solids, and more. Accord-
ing to the company, the 
accessory is suitable for 
research, QA/QC, and 
sample identification. 
PIKE Technologies, 
Madison, WI. 
www.piketech.com

Microwave digestion
Milestone’s UltraWAVE microwave digestion system uses 
the company’s single reaction chamber technology for met-
als digestions. According to the company, the system uses a 
single pressurized vessel 
for all samples, allowing 
for simultaneous diges-
tion of up to 22 samples. 
The system reportedly can 
accommodate a maximum 
temperature of 300 °C and 
pressure of 199 bar. 
Milestone, Inc., Shelton, CT;
www.milestonesci.com/
ultrawave

UV-vis cuvettes and cells
UV-vis-NIR cuvettes 
and cells, made from UV 
quartz, IR quartz, and 
glass materials, are avail-
able from REFLEX Ana-
lytical. According to the 
company, the accessories 
are available with fitted 
covers, plugs, screw caps, 
anaerobic screw caps, and 
graded seals. 
REFLEX Analytical Corp., 
Ridgewood, NJ.
www.reflexusa.com.

X-ray diffraction systems
Rigaku’s sixth-generation Mini- Flex X-ray diffraction system 
is designed as a multipurpose analytical instrument that can 
determine phase identification and quantification, percent crys-
tallinity, crystallite size and strain, lattice parameter refinement, 
Rietveld refinement, and molecular structure. According to the 
company, the system includes a HyPix-400 MF 2D hybrid pixel 
array detector, an available 
600-W X-ray source, and 
an eight position automatic 
sample changer. 
Rigaku Corporation,  
Tokyo, Japan.  
www.rigaku.com/en/prod-
ucts/xrd/miniflex

Automated electric fusion fluxer
The Katanax X-300 fluxer 
from Spex SamplePrep 
is designed to produce 
fused beads for X-ray 
fluorescence or inductively 
coupled plasma solutions 
for analysis. According to 
the company, the benefits 
of electric fluxers versus 
gas fluxers include safety, 
temperature control, low 
power consumption, and simple installation. 
Spex SamplePrep, Metuchen, NJ. 
www.spexsampleprep.com/x300-fluxer

X-ray generator
The flex-Beam X-ray 
generator from XOS is 
designed as a polycapillary 
optic to provide a bright 
X-ray beam for advanced 
material analysis. Accord-
ing to the company, the 
generator enables the 
exchange of X-ray sources 
field alignment and con-
sistent performance, and 
is available in several standard focused or collimated beam 
configurations and performance packages. 
XOS, East Greenbush, NY. www.xos.com

Microwave digestion system
The CEM MARS 6 microwave digestion system is designed to 
digest challenging samples for trace metals analysis. Accord-
ing to the company, the 
system has hundreds of 
preprogrammed methods 
and vessel options for  
high throughput and  
difficult samples. 
CEM Corporation, 
Matthews, NC. 
www.cem.com/mars6.

http://www.optigrate.com
http://www.piketech.com
http://www.milestonesci.com/ultrawave
http://www.reflexusa.com
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Palm spectrometer
BaySpec’s Breeze palm spectrometer was originally 
designed for 400 to 1700 nm with a one-button opera-
tion. According to the 
company, the spec-
trometer has now been 
upgraded to the 2500 
nm range, enabling the 
device to operate at 1300 
nm to 2500 nm. 
BaySpec, Inc., 
San Jose, CA.
www.bayspec.com

Intensified image adapters
Photonis’ Cricket intensified image adapter is designed to 
enable a camera to capture images across a broad spectral 
range, from 200 to 900 nm. According to the company, 
the image adapter is compatible with most charge-coupled 
device (CCD), complementary metal-oxide semiconductor 
(CMOS), EMCCD, and sCMOS cameras, and it is suitable for 
applications such as physics, fluorescence
lifetime imaging micros-
copy (FLIM), plasma 
research, and corona 
detection. 
Photonis Scientific, 
Sturbridge, MA. 
www.photonis.com

ICP-MS mass spectrometer
Advion’s SOLATION spectrometer for inductively coupled 
plasma–mass spectrometry (ICP-MS) is designed for multi-
element analysis. According to the company, the spectrom-
eter provides high sensitivity measurement of trace elements 
from a range of matrices, 
including complex sam-
ples such as urine, serum, 
plasma, whole blood and 
tissue, water, soil, food, 
beverage, and agricul-
tural samples. 
Advion, Inc., 
Ithaca, NY. 
www.advion.com

Wire-grid polarizer
Moxtek polarizers are 
designed for broadband 
UV-vis-IR wavelengths. 
According to the company, 
the polarizers have uniform 
performance over wide 
cone angles, are made 
from heat-tolerant inor-
ganic materials, and can be 
exposed to temperatures 
up to 300 °C. 
Moxtek, Inc.,  
Orem, UT. 
moxtek.com/optics-products

SHORT COURSES

March 2020
1 An Introduction to Scanning 
Electron Microscopy (SEM) and 
Associated Energy Dispersive X-ray 
Spectroscopy (EDS)
Chicago, IL
www.pittcon.org/short-courses/short-
courses-preview

1 Modern Portable Analytical 
Spectroscopy
Chicago, IL
www.pittcon.org/short-courses/short-
courses-preview

1 Bioanalytical Detection using Mass 
Spectrometry
Chicago, IL
www.pittcon.org/short-courses/short-
courses-preview

1 Advances in Raman Spectrometry
Chicago, IL
www.pittcon.org/short-courses/short-
courses-preview

2 Elemental Analysis via Laser 
Induced Breakdown Spectroscopy and 
X-ray Fluorescence
Chicago, IL
www.pittcon.org/short-courses/short-
courses-preview

2 Primer on XRF 
Spectrometry: Instrumentation
Chicago, IL
www.pittcon.org/short-courses/short-
courses-preview

2 Frontiers in Vibrational Spectroscopy 
of Surfaces and Interfaces: Evolution, 
Revolution or Back to the Future
Chicago, IL
www.pittcon.org/short-courses/short-
courses-preview

3 Introduction to Gas
Chromatography/Infrared
Spectroscopy Mass Spectrometry
Chicago, IL
www.pittcon.org/short-courses/short-
courses-preview

3 Essentials of LC-MS
Chicago, IL
www.pittcon.org/short-courses/short-
courses-preview

3 Introduction to Mass Spectrometry 
including  Biomolecule Applications
Chicago, IL
www.pittcon.org/short-courses/short-
courses-preview

3 Infrared (IR), Fluorescence and 
Luminescence Spectroscopy
Chicago, IL
www.pittcon.org/short-courses/short-
courses-preview

5 Introduction to ICP-MS
Chicago, IL
www.pittcon.org/short-courses/short-
courses-preview

5 GC/MS Fundamentals  for Operators
Chicago, IL
www.pittcon.org/short-courses/short-
courses-preview
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March 2020
1–5 Pittcon Conference & 
Expo 2020
Chicago, IL
https://pittcon.org

22–26 ACS Spring National 
Meeting & Exposition 2020
Philadelphia, PA
https://www.acs.org/content/acs/
en/meetings.html

27–29 ACS Central Regional
Meeting (CERM) 2020
Columbus, OH
https://www.acs.org/content/acs/
en/meetings/regional/central.html 

29–April 2 53rd Annual 
International Meeting
of the ESR Spectroscopy Group
of the Royal Society of Chemistry
Manchester, United Kingdom
https://www.esr-group.org/
conferences/2020-conference-
manchester

29–April 2 MSACL 2020
Palm Springs, CA
https://msacl.org/index.
php?header=MSACL_2020_US

31–April 3 Analytica
Munich, Germany
https://www.analytica.de/index-2.
html

April 2020
6-9 Spring SciX 2020
Liverpool, United Kingdom
https://springscix.org

13-17 Materials Research Society
Spring Meeting 2020
Phoenix, AZ
https://www.mrs.org/spring2020

26–30 SPIE Defense + 
Commercial Sensing Expo 2020
Los Angeles, CA
http://spie.org/x6776.xml 

28–30 Interphex 2020
New York, NY
https://www.interphex.com

May 2020
3–7 SETAC Europe 30th
Annual Meeting
Dublin, Ireland
http://www.setac.org/

6–8 AKL ‘20: International Laser 
Technology Congress
Aachen, Germany
http://www.lasercongress.org/en/
congress/structure/

10–15 CLEO 2020
San Jose, CA
https://www.cleoconference.org/
home

26–30 Nontarget Analysis for 
Environmental Risk Assessment 
Durhman, NC
https://www.setac.org/

31–June 4 ASMS 2020
Houston, TX
https://www.asms.org/conferences/
annual-conference/annual-confer-
ence-homepage

June 2020
12 ACS Middle Atlantic 
Regional Meeting (MARM) 2020 
New York, NY
https://www.acs.org/content/acs/en/
meetings/regional/middle-atlantic.html

28-July 1 ACS Northwest
Regional Meeting (NORM) 2020
Bellingham, WA
https://www.acs.org/content/acs/en/
meetings/regional/northwest.html

July 2020
25–31 International Diffuse 
Reflectance Conference (IDRC) 
Chambersburg, PA 
https://cnirs.org/content.aspx?page_ 
id=0&club_id=409746

26–29 North American Chemical 
Residue Workshop 2020
Fort Lauderdale, FL 
https://nacrw.org/site

26–30 AACC 2020 Annual 
Meeting & Clinical Lab Expo 
Chicago, IL 
https://www.aacc.org

August 2020
3–7 National Environmental 
Monitoring Conference (NEMC) 
Minneapolis, MN
http://www.nemc.us/

6–10 Denver X-ray Conference 2020 
Rockville, MD
http://www.dxcicdd.com

18–20 ACS Northeast Regional 
Meeting (NERM) 2020
Rochester, NY
https://www.acs.org/content/acs/
en/meetings/regional/northeast.html

23–27 SPIE Optics + Photonics 
San Diego, CA
https://spie.org/conferences-and-
exhibitions/optics-and-photonics

September 2020
6–10 11th SETAC 8th World 
Congress 
Singapore
https://www.setac.org/

8–10 11th CIRP Conference on 
Photonic Technologies 
(LANE 2020)
Fürth, Germany
https://www.lane-conference.org/

30–October 2 SpectroExpo 
Amsterdam, The Netherlands 
http://www.spectroexpo.com

October 2020
11–16 SciX 2020 Conference 
Reno-Sparks, NV
https://facss.org

12–15 American Council of 
Independent Laboratories
Long Beach, CA
http://www.acil.org

13–14 Gulf Coast Conference 
Galveston, TX
https://www.gulfcoastconference.com

25–28 2020 AAPS PharmSci 360 
New Orleans, LA
https://www.showsbee.com/fairs/
AAPS-Annual-Meeting.html

November 2020
15–19 Society of Environmental 
Toxicology and Chemistry (SETAC) 
North America 41st Annual Meeting 
Fort Worth, TX
http://www.setac.org/

16–18 Eastern Analytical 
Symposium and Exhibition 
Princeton, NJ
http://easinc.org/wordpress/?p=2085

29–December 4 Materials Research 
Society Fall Meeting and Exhibit 
Boston, MA
https://www.mrs.org/meetings-
events/fall-meetings-exhibits

CALENDAR OF EVENTS
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QTRam® for Content Uniformity Analysis of Low-Dose 
Pharmaceutical Tablets
Jun Zhao, PhD*, Christopher Kautz*, and Andrés Román, PhD†, *B&W Tek, LLC, †Rutgers, the State University of 
New Jersey 

Compressed tablet is the most common form 
of orally administered drug. The United States 

Pharmacopeia (USP) chapter <905> requires that 
dosage uniformity of such products containing less 
than 25 mg or less than 25% active pharmaceutical 
ingredients (API) by weight must be analyzed for 
content uniformity, which is based on the assay 
of each API in a number of individual dosage 
units. Traditional wet chemistry methods, such as 
titration or high performance liquid chromatography 
(HPLC), require complete dissolution of the tablets 
in suitable solvents, which destroy the samples, 
create waste, and can be labor intensive and time 
consuming. Vibrational spectroscopic techniques, 
notably near-infrared (NIR) absorption and Raman 
scattering, are nondestructive, fast, and require no 
consumables. Transmission Raman spectroscopy 
(TRS) is particularly promising, due to its ability to 
sample a large portion of the sample’s volume.

QTRam is a compact transmission Raman analyzer 
designed specifically for content uniformity analy-
sis of pharmaceuticals in solid dosage forms. In this 
note, we use a model drug, acetaminophen, to dem-
onstrate the capability of QTRam to quantify low 
concentrations of API in compressed tablets.

Data Collection
QTRam is used to measure transmission Raman 
spectra of the uncoated tablets. The interrogated 
sample area is 4 mm in diameter as set by the 
excitation and collection apertures. BWAnalyst®, the 
21 CFR pt 11 compliant software for QTRam, is used 
to collect all spectra. Each spectrum is an average 
of 10 scans, and each scan takes 3 s. Two or three 
spectra were acquired from each tablet sample.

Experimental and Results 
Acetaminophen, also known as paracetamol and 
APAP, is chosen as a model API in this study, due to its 
availability and low toxicity. We target a hypothetical 
formulation of 1.5 mg API in a 300 mg tablet, 
for example, 0.5% APAP w/w. Nine blends were 
prepared, consisting of APAP, mannitol, silicified 
microcrystalline cellulose (MCC), croscarmellose, 
and magnesium stearate (MgSt). The blended 
powders are compressed into round tablets of  
10 mm diameter and 3.0 mm thickness, each weighing 
roughly 300 mg.

Chemometrics
For quantification, partial least squares (PLS) 
regression models are built using B&W Tek’s 
chemometric software BWIQ®. Assuming the API is 
distributed uniformly in the scale of the interrogated 
volume, we use the blend concentration as the 
reference for the individual tablets. Eight tablets 
are used from each blend, which should reduce the 
calibration error caused by unideal uniformity by 
way of averaging. 

Conclusion
The QTRam is capable of fast and accurate analysis 
for content uniformity of low-dose pharmaceutical 
tablets.

B&W Tek
19 Shea Way, Newark, DE 19713

tel. (302) 368-7824
Website: www.bwtek.com

http://www.bwtek.com
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Measuring the Carrier Lifetime of Perovskites Using 
Time-Resolved Photoluminescence
Edinburgh Instruments

The effect of annealing time on the charge carrier 
lifetime of three MAPI perovskite films is inves-
tigated using time-resolved photoluminescence 
spectroscopy.

Halide perovskite photovoltaic cells have attracted 
tremendous attention in recent years, due to the 

rapid rise of their solar cell efficiencies, which have 
increased from 9% in 2012 to over 25% by 2019, and 
are now competitive with crystalline silicon (1,2). In this 
application note, time-resolved photoluminescence 
spectroscopy is shown to be a powerful tool for 
investigating and optimizing the behavior of perovskites 
through the measurement of charge carrier lifetimes.

Experimental
Methyl ammonium lead iodide (MAPI) perovskite films 
were deposited on quartz discs, using the methylamine/
acetonitrile route (3), followed by annealing at 100 °C. 
Photoluminescence lifetimes were measured using an 
Edinburgh Instruments FLS1000 photoluminescence 
spectrometer equipped with an EPL-405 pulsed diode 
laser, a PMT-900 detector, and time-correlated single 
photon counting (TCSPC) counting electronics. 

Results
During the fabrication of perovskite solar cells, the 
perovskite layer is first deposited by spin-coating, and 
the layer is then annealed at a high temperature to com-
plete the film formation process. The temperature and 
duration of this annealing step can have a dramatic im-
pact on the microstructure of the perovskite layer and on 
the efficiency of the photovoltaic cell.

The photoluminescence decays of three MAPI films 
fabricated with different annealing times were measured 
using TCSPC and fit with stretched exponential decays 
using the Fluoracle® software of the FLS1000 (Figure 
1). As the annealing time is increased from 15 to 60 min, 
the mean lifetime of the photoluminescence decay was 
found to increase from 28 to 44 ns.

Conclusion
The mean lifetime of the MAPI films was measured 
using TCSPC with the FLS1000 photoluminescence 
spectrometer and was found to increase with annealing 
time, indicating that longer annealing extends the 
average charge carrier lifetime which may improve solar 
cell efficiency.
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Figure 1: Photoluminescence decays of three MAPI 
perovskite thin films that were annealed for 15, 30, and 60 
min. Excitation source = EPL-405 pulsed diode laser, Rep 
Rate = 100 kHz, λem = 780 nm, Δλem = 10 nm.
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A Robust, High Performance, Revolutionary  
Demountable ICP Torch
Ryan Brennan, Justin Masone, Terrance Hettipathirana and Glyn Russell, Glass Expansion, Inc.

Figure 1: Glass Expansion D-Torch for Agilent 5100/5110 and 
5800/5900 ICP-OES instrument.

Glass Expansion designed and patented the D-Torch, 
a revolutionary, demountable torch. The D-Torch 
uses high-precision engineering to provide the ben-
efits of a demountable torch, such as lower running 
costs, chemical inertness, and configurable injector 
geometry, without compromising usability, perfor-
mance, or durability. In this report, we discuss the 
effects of harsh matrices on torches, as well as the 
features, benefits, and improvements in analysis 
achieved with the D-Torch. 

Asingle-piece inductively coupled plasma (ICP) torch can be 
a costly consumable item requiring regular maintenance 

and replacement, particularly with aggressive sample matrices, 
such as hydrofluoric acid (HF), organic solvents, and high total 
dissolved solids (TDS). Dealing with such samples is a common 
challenge with ICP spectrometry, and, generally, most “real 
samples” analyzed by ICP laboratories contain considerable 
concentrations of TDS, including soils, sludges, wastewater, 
brines, high acid digests, and fusions. Analyzing these types of 
samples can pose a number of challenges for the ICP analyst, 
including increased frequency of torch replacement due to 
shortened torch life.

The combination of high temperature from the plasma and 
salt deposits on the torch causes a quartz torch outer tube to 
devitrify. The disadvantage of a single-piece torch is that it is 
a relatively high-cost consumable item, and the entire torch 
must be replaced, when, in most cases, it is just the outer 
tube that suffers from devitrification. For this reason, many ICP 
manufacturers have moved away from the single-piece torch, 
and most now use a semi-demountable torch design.

The D-Torch (Figure 1) is a robust and higher-performing 
alternative to both a single-piece and a semi-demountable 
quartz torch. Compared to other demountable torches, the 
D-Torch is the only torch design that comes standard with a 
ceramic intermediate tube for greater robustness and a lower 
cost of ownership. With the D-Torch design, the analyst most 
often replaces only the outer tube, rather than replacing the 
entire torch or a quartz torch body. With demountable torch 
designs offered by other manufacturers, the intermediate tube 
is made of quartz and fused to the quartz outer tube, which 
is an additional consumable whose cost can quickly add up 
and negate the economic benefits of the torch itself. The 
D-Torch also features fully interchangeable injectors, allowing 
the analyst to install a specific injector (i.e., material and inner 

diameter) for each application, whether it be for aqueous, 
organics, high TDS, or HF.

Another exclusivity of the Glass Expansion D-Torch is an 
optional ceramic outer tube, which is of particular benefit 
for the analysis of high-TDS sample matrices, as the Sialon 
material does not devitrify. In addition to providing durability, 
the ceramic outer tube on an ICP torch produces a hotter, more 
robust plasma, which reduces matrix effects and improves 
sensitivities and detection limits. Compared to a quartz outer 
tube, the ceramic outer tube has a much longer lifetime, 
greatly reducing maintenance, cleaning, and downtime due 
to torch failure. In some sample matrices, quartz outer tubes 
can degrade in hours, while the ceramic outer tube will last 
years under the same conditions.

The ceramic outer tube is ideal for:
•	 monitoring of wear metals in engine oils, as quartz outer 

tubes often suffer cracking and shortened lifetimes due 
to thermal shock

•	 analysis of fusion samples where the lithium salts rapidly 
attack quartz

•	 measuring high-TDS samples that will quickly devitrify 
the quartz outer tube.

Each Glass Expansion D-Torch design is a direct replacement 
for the standard torch, including ICP models that incorporate 
an easy-to-use, self-aligning torch installation. Each D-Torch 
model is designed with a base that provides the same self-
aligning, turn-key installation for ICP models such as the 
Agilent 5800 and 5900, PerkinElmer Avio, Thermo iCAP, and 
Spectro Arcos MV. Compared to other demountable torches, 
the D-Torch also offers easier cleaning and maintenance with 
the ability to remove the injector and outer tube, with no 
O-rings to degrade and go brittle.

http://www.geicp.com
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Results
Glass Expansion manufactures a D-Torch design for many 
of the most-popular ICP models; this particular study high-
lighted the performance of the fully ceramic D-Torch model 
designed for the Agilent 5100 and 5110 systems, and is also 
fully compatible with Agilent’s recently released 5800 and 
5900 ICP-OES instruments.

As mentioned previously, a combination of high 
temperature and salt deposits causes a quartz torch to 
devitrify. Higher concentrations of salt in the samples lead 
to more rapid devitrification. The quartz torch in Figure 2 
was run for only 6 h with samples containing 10% NaCl and 
is already badly degraded. By contrast, the D-Torch ceramic 
outer tube in Figure 1 shows no degradation at all, and it was 
run for the same period and with the same samples as the 
quartz torch.

To further evaluate the performance of the ceramic outer 
tube in a high TDS matrix, a 1 ppm multi-element standard 
was prepared in a 10% NaCl matrix and aspirated at 1 mL/
min for 4 h with no rinsing. The combination of the DuraMist 
DC nebulizer, Twister spray chamber, ceramic D-Torch, and 
Elegra argon humidifier provided exceptional stability 
(Figure 3). A measurement was taken approximately every 
minute over a period of 4 h, while a precision of less than 1% 
was maintained throughout the experiment.

In addition to providing ICP laboratories with a more robust 
torch option, the ceramic outer tube of the D-Torch can provide 
a higher average signal intensity compared to a standard 
quartz torch. Table I shows the average signal intensity, based 
on three separate measurements of 10 replicates using a 100 
ppb multi-element standard. The overall average increase in 
signal intensity with the ceramic outer tube was 21%.

Conclusions
The Glass Expansion D-Torch is the most cost-effective torch 
over the lifetime of the instrument, compared to both single-
piece quartz torches and semi-demountable quartz torches, 
as well as alternative fully demountable designs. The unique 
ceramic outer of the D-Torch provides the ICP laboratory with 
an ICP torch that does not devitrify due to high salts or frac-
ture when exposed to organic solvents. The ceramic outer 
tube also provides a higher average signal intensity, provid-
ing laboratories with an additional boost in performance.

Glass Expansion
31 Jonathan Bourne Dr., Unit 7, Pocasset, MA 02559

tel. (508) 563-1800, (508) 563-1802 (Fax)
Website: www.geicp.com
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Figure 2: A Comparison of resistance to devitrification when 
exposed to high salt matrix.
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Figure 3: Ceramic outer tube long term stability test, 4-hour 
analysis of 1 ppm standard in 10% NaCl.

Table I: Comparison of signal intensity with a 
ceramic and quartz outer tube obtained via axial 
viewing on an Agilent 5100 SDV ICP-OES

Analyte Ceramic
Outer Tube

Quartz
Outer Tube % Increase

As 134 117 15

As 173 148 17

Be 214773 180840 19

Cd 4259 3367 26

Co 1050 855 23

Cr 5490 4435 24

Cu 5258 4558 15

Fe 3408 2767 23

Mn 49529 40237 23

Mo 954 778 23

Ni 721 584 24

Pb 285 226 26

Sb 326 278 17

Se 102 90 13

Ti 12964 10820 20

Tl 185 146 27

V 4677 3815 23

Zn 4801 4113 17

http://www.geicp.com
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A Corrosive Liquid Investigated by Diamond ATR 
Infrared Spectroscopy
Susan Berets and Bisirat Araya, Harrick Scientific Products, Inc.

Because of their corrosive properties, corrosive lipids 
are challenging to analyze by ATR-FT-IR. Repeated and 

prolonged analysis can damage many ATR crystals. Diamond 
ATR is a better choice for such applications than other ATR 
crystal materials like ZnSe and Ge. This application note 
examines a corrosive liquid as it becomes progressively more 
concentrated using diamond ATR.

Experimental
Infrared spectra were collected on an FT-IR spectrometer 
equipped with the Harrick DiaMaxATR™ single-reflection high-
throughput diamond ATR accessory (see Figure 1). The system 
was purged to remove water vapor and CO2. Spectra were 
collected at 4 cm-1 resolution and the signal was averaged over 
16 scans. The spectra were referenced to the clean ATR crystal.

The sample used here was Easy-Off™ Heavy Duty Oven 
Cleaner (Reckitt Benckiser). Two drops of the oven cleaner 
were placed on the center of the ATR crystal and spectra 
were collected at 20 scans per s over a period of 60 min.

Results and Discussion
Figure 2 shows the series of FT-IR spectra acquired over the 
period of 60 min, showing water evaporating from the oven 
cleaner and concentrating the remaining ingredients. The 
MSDS for the oven cleaner indicates that it is composed 
of 2-(2-Butoxyethoxy)ethanol, 2-amino-ethanol, sodium 
hydroxide, and liquefied petroleum gases. As it dries, the 
OH stretching and bending vibrations around 3300 and 1645 
cm-1 respectively decrease, showing the evaporation of water 
present with sodium hydroxide. The bands at 2958, 2930, 2862, 
and 2800 cm-1, due to CH stretches, increase as the oven 
cleaner becomes more concentrated, as do the amine bands 
at 1658 and 1590 cm--1. Presumably the volatile petroleum 
components are also evaporating. But the decrease in 
the volatile organics is more difficult to discern, due to the 
increased concentration of the nonvolatile compounds. Note 
that the rate at which the oven cleaner concentrates could be 
measured by looking at peak areas, as demonstrated by the 
inset graph for the C=C transition at 1000 cm-1

Conclusion
Because diamond is a more chemically durable material, it 
can be effectively used as an ATR crystal for some corrosive 

samples. This has been demonstrated here using the Harrick 
DiaMaxATR to measure the ATR spectra of oven cleaner, as 
it becomes increasingly concentrated due to evaporation of 
the solvent therein.

Figure 1: The DiaMaxATR Diamond ATR.

Harrick Scientific Products, Inc.
141 Tompkins Ave., 2nd Floor, Pleasantville, NY 10570

tel. (800) 248-3847
Website: www.harricksci.com
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A compact, MEMS-based, single-photodetector 
NIR device, the NanoQuest, is used to distinguish 
different types of textiles. 

NIR spectroscopy offers a simple tool to identify dif-
ferent types of textiles, with distinct spectral features 

observed at wavelengths >1700 nm. This approach may 
be useful for authentication of natural and synthetic con-
sumer textile products.

Experimental Conditions
Reflectance from 100% cotton, nylon, and satin textile 
samples was measured across the extended NIR wave-
length range (1350–2500 nm) using the Ocean Insight 
NanoQuest spectral sensor with a high-powered tung-
sten halogen light source (Ocean Insight model HL-2000-
HP) and 600 µm visible-NIR reflection probe. Measure-
ments were made with the probe oriented at 90 degrees 
relative to the fabric surface using a manual optical stage. 
All measurements were referenced to a WS-1 model 
PTFE (Teflon) diffuse reflection standard.

NanoQuest is based on Fourier–transform infrared (FT-
IR) technology. Its patented micro-electro-mechanical 
systems (MEMS) technology allows for a continuous-wave 
Michelson interferometer to be created monolithically 
on a MEMS chip, enabling detection of all wavelengths 
simultaneously across the 1350–2500 nm range.

In the NanoQuest software, optical resolution was set to 
8 nm (FWHM), and a custom gain setting was generated 
to optimize the signal to noise ratio for the measurement 
setup. Each sample was measured at five different 
locations with resulting spectral data pretreated by a 
second derivative with smoothing, and a standard normal 
variate (SNV) was applied. Principal component analysis 
(PCA) was applied to the dataset. 

Results
The NIR spectra measured with the NanoQuest can easily dis-
criminate among the different textile types. Figure 1 shows the 
reflectance spectra of the three textiles measured: cotton, ny-
lon, and satin. Differences in the spectral profile for each sam-
ple can be seen readily, and the inset PCA plot shows distinct 
separation between the clusters for each textile sample.

Conclusions
The experiments clearly demonstrate that the NIR spectra 
measured with the NanoQuest exhibit unique features help-
ful to identify both natural and synthetic textiles. Application 
of PCA to the spectra further demonstrated the distinction 
among textile samples. Additional tests may include testing 
unknown textile samples to correctly identify them.

Identifying Textiles with Extended-Range  
NIR Spectroscopy 
Anne-Marie Dowgiallo, PhD, Ocean Insight
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Figure 1: Comparison of the three textile samples measured 
with NIR reflectance. The inset PCA scatter plot shows re-
sults after pretreatment by second derivative and SNV.
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The Evolution of Raman:  
Adapting Instrument Design  
to the Needs of the SampleA Q&A

Simon Nunn, Ph.D.
Business Manager

Raman Spectroscopy – Renishaw, Inc. Spectroscopy: The applications for 
Raman spectroscopy are growing. 
What are some of the most exciting 
areas that you are seeing?

Nunn: Raman spectroscopy is applicable 
across a broad range of scientific 
disciplines, from biology to materials 
science. The technique can identify 
unknown compounds, differentiate 
between similar materials and perform 
spatial analysis. Perhaps the most exciting 
applications right now are those that have 
broad impact on the environment and 
human health. In environmental sciences, 
the technique is being used to study 
microplastics, both in drinking water and 
the marine environment. In the forensics 
community, Raman is used to identify 
fentanyl—a potent synthetic opioid that 
causes unintentional drug overdoses. 
In materials science, the technique 
characterizes the components of lithium-
ion batteries used in the electrification of 
vehicles. In the pharmaceutical industry, 
Raman is routinely used to ensure the 
quality of drugs and understand the 
formulation process. Our challenge, as an 
instrument manufacturer, is to adapt our 
products to these growing applications and 
the diversity of samples they present.

Spectroscopy: Your company has been 
making research Raman systems for 
over 20 years. How has the product 
line evolved to meet the changing 
needs of scientists over that time?

Nunn: Raman instrumentation has evolved 
as the business of science has changed. 
In the early days of Raman, people studied 
the technique itself, often building their 
own instruments in the process. The 

advent of commercial instruments, such as 
Renishaw’s RM microscope, obviated the 
need to build one’s own spectrometer by 
providing an off-the-shelf solution that had 
the flexibility to adapt to a wide variety of 
research needs. Now, as the applications 
described above illustrate, Raman is 
widely used as an analytical tool, often 
by multidisciplinary teams investigating 
complex samples. This has driven the need 
for instrumentation that is designed around 
the needs of the sample and extracting the 
required information from that sample. The 
inVia™ confocal Raman microscope is a 
good example of a system that has evolved 
to meet these changing needs. On the 
sampling side, the addition of LiveTrack™ 
autofocus tracking technology enables 
3D images to be created from uneven or 
curved surfaces. 

Many researchers are now combining 
techniques and to aid this, the new 
Correlate™ module in WiRE™ software 
enables Raman images to be correlated 

with white light, SEM, EDS, or other imaging methods and 
to provide a comparison of complementary techniques, 
while Spectrum Search allows an unlimited number of 
components to be identified from a single spectrum of 
a mixture.   

Spectroscopy: So, you’re saying that adapting 
the instrument to the needs of the sample is a 
trend. Beyond the evolution of the research Raman 
microscope, what other developments support  
this assertion?

Nunn: A research Raman microscope must be a very flexible 
system to cover a diverse range of potential applications. 
However, if the type of sample is limited and well-defined, it 
is possible to further optimize the instrument to the needs 
of sample. The RA802 Pharmaceutical Analyser and RA816 
Biological Analyser are good examples of instruments 
that are purpose-built for rapid imaging of solid dosage 
forms and biological samples, respectively. Designing an 
instrument to meet the specific requirements of an analysis 
ultimately speeds up that analysis and reduces variability 
from measurement to measurement. Dedicated systems 
are likely to increase in number as the applications for 
Raman continue to grow.  

Spectroscopy: In the case of the Raman microscope 
and the dedicated analyzers you describe, the 
sample is brought to the instrument. Hand-held 
Raman systems show that it is possible to bring the 
spectrometer to the sample. Is there potential for 
research-style systems to do the same?

Nunn: You are correct. In a growing number of situations, 
it is preferable to bring the instrument to the sample. 
Handhelds are a good example of how this can be 
achieved. However, these systems work best when 
answering limited questions about a relatively small 
number of potential compounds, such as pass/fail identity 
of pharmaceutical excipients. There are other applications 

where broader questions are asked of more challenging 
samples, often on a microscopic scale. Examples include 
art conservation where non-destructive, in-situ analysis 
of an artifact is required, and battery research where 
air-sensitive materials are analyzed in a glovebox. In 
these cases, the performance attributes of a laboratory 
Raman system are required in a sample-centric form 
factor. The recently introduced Virsa™ Raman Analyser 
brings laboratory performance to the sample, whether in 
a gallery, glovebox, or mobile lab. The use of fiber-optics 
allows flexible positioning of the sampling head, which in 
turn is capable of spatial resolution normally associated 
with research microscopes. In this case, the microscope is 
brought to the sample rather than vice versa. 

Raman instrumentation has evolved immensely since 
the first commercial microscopes were introduced. The 
expansion of the application space will necessitate further 
innovation, and we look forward to working with our 
customers to meet their changing needs.

Raman spectroscopy is evolving. Diverse applications spanning life and materials 
science are driving growth of the technique and creating the need for innovative 
instrumental solutions. Spectroscopy recently spoke to Simon Nunn, Ph.D., Business 

Manager of Raman Spectroscopy at Renishaw, Inc., about the growing importance of the 
technique and how instrumentation is adapting to meet new challenges. 
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Bioreactor Fermentation Monitoring with  
Raman Spectroscopy
Dieter Bingemann and David Creasey, Wasatch Photonics Inc.

Raman spectroscopy’s high analytical selectivity 
and insensitivity to water is well suited for process 
monitoring in biotechnology. Here we explore the 
fermentation of glucose, a common feedstock, with 
a commonly used microorganism, yeast. Applying 
multivariate tools, we can monitor the main reactants 
and products with high sensitivity: glucose, ethanol, 
and carbon dioxide.

Biotechnology, the production of chemicals of choice us-
ing microorganisms, is an application very well suited 

to monitoring with Raman spectroscopy. Raman’s high se-
lectivity and low sensitivity to the solvent, water, can be em-
ployed using a simple immersion probe setup to monitor 
and more tightly control these processes.

Experimental
We used a Wasatch Photonics Raman spectrometer at 785 
nm, fiber-coupled to an external laser and an immersion 
probe inserted into a stirred solution of 50 g/L glucose and 
2 g/L yeast. The fermentation was observed over 14 h, with 
spectra collected every 2 min at 5 s integration time and an 
average of 20 scans.

We performed a separate multivariate calibration for glu-
cose in the presence of yeast over the concentration range 
from 0 to 50 g/L glucose. 

Results and Discussion
We correlated the glucose calibration spectra with the 
concentration using partial least squares (PLS) regression, 
yielding a prediction error of 0.7 g/L in the presence of 
yeast and about 0.1 g/L without yeast. The Raman spectra 
recorded during the fermentation are shown in Figure 1 
together with the pure Raman spectra for the main reactant 
and product, glucose and ethanol.

Applying the PLS glucose model yielded the prediction of 
the glucose concentration, which showed a slow decrease 
with a noise level of below 1 g/L glucose.

Principal component analysis (PCA) identified the main 
spectral trends during the process. The first principal 
component expressed the remaining glucose level, while 
the second component captured the simultaneous decrease 
of glucose (spectrum negative in the corresponding 

loading) and increase of ethanol (positive spectrum in the 
loading). The corresponding PCA score therefore allowed 
the progress of the reaction to be summarized in a single 
coordinate, and to compare batch to batch.

Additional reaction products could be discovered in the 
higher principal components; due to its specificity, Raman 
allows identification. For example, the fourth principle 
component for the fermentation spectra showed the 
production of dissolved carbon dioxide. Likewise, unwanted 
side-products could be discovered and identified during 
the fermentation.

Conclusion
Using an immersion probe and a Wasatch Photonics Raman 
spectrometer at 785 nm, we continuously monitor the fermen-
tation of glucose with yeast. Despite the significant yeast back-
ground, multivariate regression yields the glucose concentra-
tion, while principal component analysis projects the spectra 
onto a reaction progress coordinate and allows deep insight 
into the details of the fermentation. The same approach 
could be used for other processes to harness the strength of 
Raman spectroscopy.

Figure 1: Raman spectra recorded during glucose fermentation 
over 14 h, with time (in seconds) indicated by the color, togeth-
er with the reactant and product spectra. The glucose peaks 
around 1100 cm-1 decrease, while the ethanol peak at 900 cm-1 
and the overall yeast background increase.

Wasatch Photonics
808 Aviation Parkway, Suite 1400, Morrisville, NC 27560 

tel. (919) 544-7785
Website: www.wasatchphotonics.com

http://www.wasatchphotonics.com
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Gallium Nitride Quality and Stress Field 
Characterization with 3D Confocal Raman Imaging 
WITec GmbH

The quality and stress field properties of gallium ni-
tride (GaN) crystals must be investigated in order to 
refine production processes. 3D Confocal Raman mi-
croscopy is uniquely capable of the chemical c and 
visualizing strain in this material. 

Experimental Conditions
A GaN sample grown on a sapphire substrate featuring 
hexagonal pits, courtesy of Dr. Eberhard Richter (Ma-
terials Technology Department of the Ferdinand Braun 
Institute, Berlin, Germany), was investigated, and stress 
fields were visualized. All measurements were carried 
out using a WITec alpha300 R confocal Raman micro-
scope with an excitation wavelength of 532 nm and a 
UHTS 300 spectrometer.

Results and Conclusion
A 2D depth scan was performed and the resulting 
Raman image (Figure 1A) was color coded according 
to the measured spectra (Figure 1B). The red spectrum 
shows features typical of GaN and is dominant at 
the sample surface, showing that the crystal grown 
there was high in quality. The green spectrum shows 
enhanced fluorescence at low wavenumbers and is 
found only at the substrate pit walls. The blue spectrum 
measured above the pits is distinct from the red one 
(Figure 1B, inset). The A1(LO) peak is upshifted and 
broadened compared to the red spectrum, indicating a 
lower quality GaN crystal.

Next, a stack of 2D scans was performed at different 
focal planes. Figure 1C shows one layer from the stack. 
A 3D representation was generated from the image 
stack (Figure 1D). The fluorescence signal (green) forms 
rings at the walls of the pits, while the tops of the pits 
are dominated by the distorted GaN spectrum (blue). 
The topmost layers show an undistorted GaN spectrum 
(red).

In order to reveal stress fields in the GaN sample, a 
peak shift analysis was performed for the entire z-stack. 
The position of the E2

high peak near 570 cm-1 was quanti-
fied for each spectrum by fitting a Lorentzian function. 
Figure 2 shows the same sample volume as in Figure 1D, 
but color coded according to the determined peak po-

sition. The stress fields propagate from the interface to 
the surface mainly in tube-like structures, which become 
narrower towards the surface, again indicating higher 
crystal quality. However, the overall differences in the 
peak positions were quite small (<1 cm-1) and thus, the 
overall differences in the strain of the GaN crystal were 
also small. Nevertheless, the peak shift sensitivity was 
sufficient to measure and visualize them.

WITec GmbH
Lise-Meitner-Str. 6, D-89081 Ulm, Germany 

tel. +49 (0) 731 140 700; +49 (0) 731 140 70 200
Website: www.WITec.de
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Figure 1: 3D Raman analysis of a GaN crystal grown on a pat-
terned sapphire substrate. A: Depth scan (240 x 80 pixels on 
an area of 60 x 20µm2) along the red line in Figure 1. B: Cor-
responding Raman spectra. In the inset, the green spectrum 
is omitted for clarity. C, D: 3D Raman image of the sample 
volume (180 x 45 x 20 pixels in a volume of 60 x 15 x 20µm2). 
At the front right corner, a part of the structure is removed.

Figure 2: 3D representation of stress fields in the GaN crystal 
(the same sample volume as in Figure 2D). The position of the 
Raman peak near 570 cm-1 is color coded, revealing stress fields 
in the crystal.

http://www.witec.de
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Tracking Photocuring via ATR-FT-IR with Illumination 
through the ATR Element 
Marshall J. Allen and Zachariah A. Page, Department of Chemistry, The University of Texas at Austin 

The utility of the GladiATR diamond ATR, modified 
with an internal liquid light guide to illuminate the 
sample from underneath the ATR element, was 
explored to analyze the photo-polymerization of 
carbitol acrylate at 405 nm using 1 wt% TPO. 

Photocuring, or the solidification of a liquid mixture 
(for example, resin) upon exposure to light, is a widely 

adopted method for dental coatings and sealants, medical 
adhesives, photoresists, and 3D printing. The ability to track 
this process in realtime enables resin optimization tailored 
for a particular application. Attenuated total reflectance-
Fourier-transform infrared spectroscopy (ATR-FT-IR) is a facile 
way to monitor the solidification process through changes in 
chemical functionality and determine reaction kinetics and 
efficiency at the ATR crystal interface.

Conventional photochemical ATR setups irradiate samples 
from top-down while IR measurements presented are being 
taken from the bottom-up. This disparity results in a difference 
in light intensity throughout the depth of the sample due 
to absorption and sample thickness nonuniformity; limits 
the accuracy of analysis; and mitigates characterization 
of opaque resins. In this application, we overcome these 
challenges by illumination from beneath the sample through 
a diamond ATR prism, aligning the absorption cross section 
of the sample with the evanescent wave of the IR beam for 
characterization.

Experimental Conditions
PIKE Technologies’ GladiATR diamond ATR (Figure 1) was 
modified to incorporate a liquid light guide and enable 
illumination from beneath the diamond. The use of a liquid 
light guide imparts modularity, as numerous light sources 
with variable wavelengths and intensities can be directly 
coupled for photocuring purposes. 

To demonstrate the capabilities of the light-guide 
coupled GladiATR, photopolymerization of an acrylate-
based resin using violet light (λmax = 405 nm) was 
performed. The resin comprised carbitol acrylate and 
diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO, 1 
wt%). Approximately 20 μL of resin were placed on the ATR 
crystal and real-time tracking was initiated. After 19 s, the 
sample was irradiated with 405 nm light at an intensity of 36 

mW/cm2. The FT-IR instrument scan rate was 80 kHz while 
using an MCT detector, and 4 scans were co-added.

Results
The polymerization was monitored by observing the 
disappearance of the C=C-H wag band at 810 cm-1 (Figure 2). 
Within 20 s of irradiation, the conversion was approximately 
98%. A clear initiation was observed at time of irradiation, 
indicating no lag time between the light and measurement.

Conclusion
Monitoring UV curing via ATR-FT-IR by illuminating the sample 
from underneath offers a quantifiable sampling method to 
determine reaction kinetics. The modular capabilities of the 
ATR accessory allow for curing using any UV-visible wavelength. 

Figure 1: GladiATR ATR with internal UV-visible light guide 
for through-diamond illumination.

PIKE Technologies, Inc.
6125 Cottonwood Drive, Madison, WI 53719

tel. (608) 274-2721, fax (608) 274-0103
Website: www.piketech.com

Figure 2: Acrylate photopolymerization using 405 nm 
light. Waterfall plot showing the band change over time. 
Irradiation began at 19 s.

http://www.piketech.com
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The MB3000-CH90 gas analyzer provides fast and accurate FT-IR critical gas 
measurements down to ppb levels in a user-friendly environment. This high 
performance and maintenance-free spectrometer is used in R&D or QA/QC 
laboratories for checking gas purity, controlling gas mixing and composition 
or performing unknown components speciation. The heated gas cell can be 
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MB3000-CH90 a flexible and versatile tool for any laboratory.  
Measurement made easy.

Want to learn more? Visit abb.com/analytical 
or contact us at ftir@ca.abb.com
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