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From the Chairman
Mike Hennessy, Sr. 
Chairman & Founder, MJH Life Sciences

Analytical spectroscopy techniques are increasingly finding 

their place in food safety, as the peer-reviewed research in 

this issue shows. The antibiotics doxycycline hydrochloride 

and tylosin are widely used to accelerate growth and treat infectious 

disease in chickens, but can cause allergic or toxic reactions in humans 

who consume treated poultry. This potential health threat prompted 

chemists at Jiangxi Agricultural University in Nanchang, China, to in-

vestigate the use of surface-enhanced Raman spectroscopy (SERS),  

along with multivariate data analysis, to identify antibiotic residues in 

chicken meat. Their findings, the subject of this month’s Spectroscopy 

cover story, demonstrate that SERS performs well for this task.

A different type of health risk, addressed by a different analytical 

technique, is the subject of this month’s “Spectroscopy Spotlight,” 

which shines on Uwe Karst of the University of Münster in Germany.  

In recent years, concerns have arisen about the potential accumulation 

of lanthanides in the human body from their use in imaging contrast 

agents, or from drinking water contaminated with contrast agents.  

Karst has demonstrated that laser ablation–inductively coupled 

plasma–mass spectrometry (LA-ICP-MS) imaging, which can provide 

spatially resolved quantification of trace elements in biological samples, 

is a powerful tool to investigate these questions. 

Spectroscopy’s 2021 Emerging Leader in Molecular Spectroscopy, 

Bhavya Sharma of the University of Tennessee, is also directed toward 

advancing spectroscopic techniques for biology and health research. 

Our feature on Sharma looks at her research on neurochemical detec-

tion with Raman spectroscopy techniques such as SERS and spatially 

offset Raman spectroscopy (SORS). Her work illustrates both the excite-

ment surrounding advances in biomedical applications of spectros-

copy as well as the promise of the next generation of spectroscopists,  

which this award highlights. 

For our readers focused on the daily challenges of routine analysis, 

our regular columns, as always, provide practical advice. Two columns  

this month address questions in spectral interpretation. In “Molecular 

Spectroscopy Workbench” David Tuschel explains the physical basis 

of Raman spectral line shapes and how the percentage of Gaussian 

and Lorentzian components contribute to peak shape. In the “IR Spec-

tral Interpretation Workshop,” Brian C. Smith continues his examina-

tion of the infrared spectra of polyethylene.  In “Focus on Quality,”  

Bob McDowall considers whether the FDA’s embrace of computer  

system assurance is leading us into an era of regulation by presentation 

and publication—and how this affects regulated laboratories.

Happy reading!

Editorial Advisory Board
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MOLECULAR SPECTROSCOPY WORKBENCH

Peak Shape and  
Closely Spaced Peak 
Convolution in Raman Spectra

Peak-fitting software is frequently 
written to offer the user a choice 
of automated peak fitting or 
one that allows the user to enter 
specific values of peak shape,  
amplitude, and width. The shapes 
are most often presented as a 
choice of percent Gaussian or  
Lorentzian profile contributions 
to the peak. To better understand 
these spectral profiles, we briefly 
explain the physical basis of the 
so-called spectral line shapes.  
Furthermore, we discuss and model 
the spectral shape, bandwidth, 
and broadening to help the reader 
see how the percentage of Gauss-
ian and Lorentzian components 
contribute to overall peak shape 
and how two closely spaced and 
unresolved peaks of different am-
plitudes or bandwidths can affect 
the maximum position and overall 
appearance of the convolved peak.

David Tuschel

Those who perform Raman spec-
troscopy know that acquiring a 
Raman spectrum is only the first 

step. What follows is often a detailed 
analysis of the individual peaks that 
make up the spectrum. The analysis 
step is usually performed using the 
spectral analysis and processing soft-
ware provided by the vendor of the 
Raman instrument or a more general 
scientific data analysis software pack-
age. In the former case, one usually finds 
analysis tools for peak fitting. The peak 
fitting software is frequently written 
to offer the user a choice of so-called 
automated peak fitting or one that al-
lows the user to enter specific values 
of peak shape, amplitude, and width.  
The shapes are most often presented as 
a choice of percent Gaussian or Lorent-
zian profile contributions to the peak.

The automated fitting routines can 
sometimes seem like a “black box” 
to those unfamiliar with spectral line 
width theory, peak shape, and the 
mechanisms for spectral line broaden-
ing. When the autofit routine gener-
ates an excessive number of peaks or 
some that seem unusually broad, it is 
understandable if the user doubts the 
chemical or physical basis for the fitted 
peaks and their contributions. After all, 
the program tries to generate a set of 

peaks that when added together leaves 
the least amount of residual between 
the sum of the peaks and the acquired 
spectrum. The best mathematical fit 
doesn’t always make good chemical or 
physical sense, which is why it is impor-
tant for the user of these peak fitting 
tools to have some basic understand-
ing of spectral line width theory and 
how two closely spaced and unresolved 
peaks can contribute to the shape and 
appearance of the single convolved 
peak that they produce. One can fre-
quently find explanations of varying 
detail on spectral line width and broad-
ening in books dedicated to spectros-
copy. More specifically, there are several 
publications that can assist the inter-
ested reader with excellent explanations 
on spectral line shape as it relates to  
Raman spectroscopy (1–3).

The purpose of this installment of 
“Molecular Spectroscopy Workbench” 
is to contribute to the body of work on 
spectral line width and broadening by 
helping the reader see how the percent-
age of Gaussian and Lorentzian compo-
nents contribute to overall peak shape, 
and how two closely spaced and unre-
solved peaks of different amplitudes or 
bandwidths can affect the maximum 
position and overall appearance of the 
convolved peak.
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Gaussian and Lorentzian  
Contributions to a Single Peak
It is important how a qualitative under-
standing of how the Gaussian and Lo-
rentzian profiles contribute to a single 
peak shape. Although a thorough expla-
nation of the underlying chemical physics 
contributing to peak shape is beyond the 
scope of this work, you can find detailed 
explanations of the underlying bases for 
Gaussian and Lorentzian line shapes in 
the literature (1–3). Here, we give a brief 
description of the theory of these two 
profiles, show how they differ graphically, 
and reveal how the percent contribution 
of Gaussian and Lorentzian profiles af-
fects the appearance of a single peak.

The spectral profiles are primarily 
determined by two lifetimes involving 
the excited state. Raman relaxation 
from the excited virtual state to the 
final vibrational state occurs within 
several picoseconds (10–12 s). The life-
time involved in this relaxation process 
is called the amplitude correlation time 
(τa). Specifically, the amplitude lifetime 

is the amount of time spent in the ex-
cited state before the molecule drops 
back to the final vibrational state; τa 
generally lasts a few picoseconds.  
The excited state lifetime directly af-
fects the width of the Raman peak. If 
the molecule spends less time in the 
excited state, that will lead to a broader 

peak consistent with Heisenberg’s un-
certainty principle.

Upon excitation, all the molecules 
vibrate coherently. However, molecu-
lar interaction and motion causes the 
ensemble of excited molecules to lose 
coherence. This process is called de-
phasing, and the time it takes for the 
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FIGURE 1: Gaussian (red) and Lorentzian (blue) Raman peak profiles in arbi-
trary units: fwhm = 2 cm-1.
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molecules to lose coherence is called 
the coherence lifetime (τc). The coher-
ence lifetime, like the amplitude corre-
lation time, can also occur over several 
picoseconds. Together, these processes 
contribute to an overall effective lifetime 
of the molecules in the Raman scattering 
process. The process with the shortest 
lifetime will contribute the most to the 
spectral line shape.

Let us then consider the contributing 
processes. If the coherence lifetime is 
much longer than the natural relaxation 
or amplitude correlation time (τc >> τa), 
then the molecules will relax before de-
phasing occurs. This condition gener-
ally applies to solids where the atoms or 
molecules hold relatively fixed positions. 
Consequently, the shapes of peaks in the 
Raman spectrum of a solid typically have 

Gaussian profiles that reflect the distri-
bution of atomic positions and energy 
states in the solid. In contrast, gas mol-
ecules are in constant motion frequently 
undergoing collisions, and so dephas-
ing can occur in gases much faster than 
the excited state relaxation (τc << τa).  
The dominant dephasing process leads 
to Raman spectra of gases with Lorent-
zian line shapes whose edges extend 
much further out than those of the 
Gaussian profile. See the normalized 
Gaussian and Lorentzian Raman peak 
profiles in Figure 1. The most significant 
differences between these line shapes 
appear below the full width at half-max-
imum (fwhm) of the peak. Here, you see 
a significant broadening of the edges of 
the Lorentzian profile compared to those 
of the Gaussian profile. Above the fwhm, 
the Gaussian and Lorentzian profiles  
differ only slightly.

These cases shown in Figure 1 repre-
sent the idealized solid and gas phases of 
matter and their correlation to line shape. 
As you may expect, the liquid phase falls 
between the solid and gas phase limits. 
Consequently, the line shape of even 
an idealized liquid is best described by 
a percent contribution of Gaussian and 
Lorentzian character. Ultimately, all mate-
rials deviate from these idealized cases, 
and so that is why peak fitting often  
involves a percent contribution of Gauss-
ian and Lorentzian character to produce 
the best fit to the observed peak.

A demonstration of different contribu-
tions of Gaussian and Lorentzian char-
acter to a single peak shape is shown 
in Figure 2. An 80% Gaussian and 20%  
Lorentzian contribution to a single com-
posite peak in Figure 2a yields a peak 
that looks primarily Gaussian in the 
center with only a slight extension of 
the peak edges below the fwhm of the 
peak. This is as one might expect from 
the low 20% Lorentzian contribution.  
Inverting these contributions to 20% 
Gaussian and 80% Lorentzian as shown 
in Figure 2b produces a slightly nar-
rower composite peak above the fwhm.  
Also, the composite peak edges now 
extend beyond ± 2 cm-1 from the peak 
center such that the Lorentzian contribu-
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FIGURE 3: Convolution (green) of two closely spaced Gaussian peaks of dif-
ferent bandwidths with the side peak (fwhm = 2 cm-1) (blue) varying in signal 
strength: (a) 0.25, (b) 0.50, (c) 0.75, and (d) 1.0, relative to that of the central 
peak (fwhm = 3 cm-1) (red).
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FIGURE 2: Different Gaussian (red) and Lorentzian (blue) contributions to a 
single composite (green) peak: fwhm = 2 cm-1: (a) 80% Gaussian and 20%  
Lorentzian, and (b) 20% Gaussian and 80% Lorentzian.
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tion and composite peak edges below 
the fwhm are nearly identical. Careful ex-
amination of Figures 1 and 2 should help 
you to understand the importance of 
incorporating the right mix of Gaussian 
and Lorentzian spectral line profiles to 
achieve the best peak fit to your acquired 
spectrum. Furthermore, the peak shapes 
and the percent Gaussian and Lorentzian 
contributions to the best fit provide in-
formation about excited state amplitude 
correlation and coherence lifetimes and 
molecular interactions involving specific 
vibrational modes.

Convolution of Two  
Closely Spaced Peaks
Now that we have discussed line shape 
profiles of single peaks, we can address 
another important application of peak 
fitting, which is characterizing closely 
spaced peaks that are not resolved ex-
perimentally. Again, our purpose here 
is not to teach the craft of peak fit-

ting and use of peak fitting software.  
Rather, our goal is to help the reader 
visualize through peak modeling the ef-
fect of closely spaced peak convolution 
to better interpret Raman spectra and 

judge the reasonableness and underly-
ing chemical and physical meaning of 
peak fitting results.

We start by considering two closely 
spaced 100% Gaussian peaks of differ-
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FIGURE 4: Convolution (green) of two closely spaced Gaussian peaks with the 
side peak (blue) fixed at fwhm = 2 cm-1 and the central peak (red) varying in 
fwhm = (a) 2, (b) 4, (c) 6, and (d) 8 cm-1.
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ent bandwidths separated by 2 cm-1, 
thereby generating a single asymmetric 
convolved peak. The central peak has a 
fwhm of 3 cm-1, whereas the side peak 
to the low wavenumber side has a fwhm 
of 2 cm-1. We simplify matters by mod-
eling both peaks as 100% Gaussian so 
that one can readily observe the effect 
of the variable on the peak convolu-
tion. The variable, as seen in Figure 3, 
is the intensity of the side peak relative 
to that of the central peak set at 0 cm-1. 
The relative intensities of the side peak 
are 0.25, 0.50, 0.75, and 1.00. It is impor-
tant to note that the two peak positions, 
bandwidths (fwhm), and their separation 
of 2 cm-1 remain fixed. Nevertheless,  
the changing relative intensity of the side 
peak produces initially a shift to lower 
wavenumber of the convolved peak 
maximum and then the emergence of 
a second maximum (partially resolved 
peak) as the relative intensity of the side 
peak increases.

The important lesson to be learned 
here is that even though no change in 
the central and side peak positions has 
occurred, the change in relative inten-
sities of two closely spaced peaks can 
give the appearance of peak shift if the 
two peaks are not spectrally resolved by 
the spectrometer. Hence, it is important 
to understand the effects of convolu-
tion of closely spaced peaks so as not 
to misinterpret a change in intensity of 
one or both contributing peaks as a shift 
of a single unresolved peak. Czarnecki 
has written an important paper on the 
origins of spectral changes caused by 
frequency shifts or intensity changes, 
and I encourage the interested reader 
to consult this publication (4).

It can be observed that the fwhms of 
the central and side peaks in Figure 3 are 
not the same. That choice was intentional 
and made for instructional purposes.  
If two closely spaced peaks each have 
a narrow bandwidth, they can be either 
completely or at least partially resolved. 
It is the broadening of each or both of 
the peaks’ bandwidth under convolution 
that leads to the emergence of a single 
convolved peak with shape and position 
that are not at all intuitive.

The nonintuitive effect of unresolved 
closely spaced peaks on convolved 
peak shape and position becomes 
abundantly clear when in our modeling, 
we vary the fwhm of the central peak 
while keeping the ratio of the side to 
central peak intensities constant at 0.2 
and the peak separation fixed at 2 cm-1. 
The effect of varying only the fwhm of 
the central peak at 2, 4, 6, and 8 cm-1 
is shown in Figure 4. At equal values of 
fwhm at 2 cm-1, an edge or tail below 
the fwhm emerges on the low wave-
number side of the convolved peak, 
whereas above the fwhm the peak ap-
pears fairly symmetric. Next, we change 
the fwhm of the central peak to 4 cm-1 
without making any changes to the posi-
tion, intensity, or fwhm of the side peak, 
as seen in Figure 4b. Now, the low wave-
number edge or tail of the convolved 
peak has vanished. The convolved peak 
appears broader, asymmetric, and its 
peak maximum appears shifted slightly 
to lower wavenumber. Increasing the 
fwhm of the central peak to 6 cm-1  
in Figure 4c leads to a further broaden-
ing of the convolved peak with a flat 
top and a maximum that appears to be 
shifting to an even lower wavenumber. 
Finally, setting the fwhm of the central 
peak at 8 cm-1 in Figure 4d broadens the 
convolved peak further and produces a 
partially resolved maximum to the low 
wavenumber side of the central peak. 
To summarize, progressively increasing 
the bandwidth of the central peak has 
led to the emergence and partial resolu-
tion of the low wavenumber side peak. 
If one were only to see the progression 
of the convolved peak and not its com-
ponents in Figure 4, the spectroscopist 
could easily attribute the changes to 
the intensity increase of the sideband 
even though that is not the true cause in  
this case.

The effects on the convolved peak 
as a result of changing the central peak 
bandwidth are not at all intuitive, which 
is why modeling can be so helpful in 
understanding the effects of peak con-
volution. My hope is that by learning 
about peak shape and closely spaced 
peak convolution, you will be better pre-

pared to assess the results of peak fit-
ting tools. Those experienced with peak 
fitting software know that the results are 
not unique and can depend upon the 
initial settings of peak shape, position, 
and bandwidth. Ultimately, you want to 
be confident that the identified peaks 
have a reasonable chemical or physical 
basis when applied to your experimen-
tally obtained Raman spectra.

Conclusion
To better understand spectral profiles, 
we briefly explained the physical basis 
of the so-called spectral line shapes. 
Furthermore, we discussed and mod-
eled spectral line width and broaden-
ing to help the reader see how the 
percent of Gaussian and Lorentzian 
components contribute to overall 
peak shape and how two closely 
spaced and unresolved peaks of dif-
ferent amplitude or bandwidth can af-
fect maximum position and the overall 
appearance of the convolved peak. 
Modeling the superposition of closely 
spaced peaks has been performed to 
help the reader visualize the effect of 
closely spaced peak convolution and 
so better interpret Raman spectra and 
judge the reasonableness and under-
lying chemical and physical meaning 
of peak fitting results.
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FOCUS ON QUALITY

Does CSA Mean  
“Complete Stupidity Assured?”

The U.S. Food and Drug Administration 
(FDA) has a new approach to comput-
erized system validation (CSV) called 
computer system assurance (CSA). 
Without a draft guidance issued,  
are we entering an era of regulation 
by presentation and publication? 
As a result, does CSA risk becoming  
“complete stupidity assured?”

R D McDowall

Computerized system validation 
(CSV) has an uninspiring reputation 
for being a slow, no-value-added 

activity that only wastes time and delays 
the implementation of new software.  
Is that an accurate portrayal?

As somebody who has been involved 
with CSV for over 35 years, I would say it 
depends. Here are two CSV examples,  
one in which using CSV is sublime and an-
other in which using CSV is ridiculous:
• The sublime example: Map and im-

prove your processes from which your 
intended use requirements are written. 
Then, apply effective risk management 
and scientifically sound logic to leverage 
supplier development and application 
configuration to focus testing. The ratio-
nale for why you don’t test one function is 
just as important as why you should test 
another. This approach is an example of 
managing the cost of compliance versus 
the cost of noncompliance, as discussed 
in a recent “Focus on Quality” column (1). 

• The ridiculous example: An organiza-
tion has a one-size-fits-all approach to 
CSV. You know that you are wasting ef-
fort when the corporate CSV standard 
operating procedure (SOP) states that 
you must write three specification docu-
ments (user requirements specification, 
functional specification, and a design 
specification), but the intended use for 
a UV spectrometer is measuring absor-
bance of samples at one or two wave-
lengths. A detailed risk assessment adds 

fuel to the no added value fire, which is 
followed by a demand for detailed test 
instructions accompanied by copious 
screen shots to demonstrate that each 
step of each test had been executed. 
A one-size-fits-all validation approach 

lacks the flexibility to tailor each validation 
based on intended use and condemns any 
regulated laboratory to mountains of paper. 
You can see why CSV gets a bad reputation; 
instead of applying common sense that then 
results in business benefit generated by the 
system, CSV is an inflexible approach, and 
coupled with the ultraconservative nature 
of the pharmaceutical industry, consigns 
it as an old-fashioned, outdated process. 
You should have an accurate assessment 
of a supplier’s development and testing, 
the application software category, and the 
impact of the records created by the sys-
tem to focus the CSV effort where it is most 
needed. Flexibility is the name of the game.

CDRH: The Case for Quality
Approximately 10 years ago, the FDA’s 
Center for Devices and Radiological 
Health (CDRH) started the “Case for Qual-
ity” initiative that was aimed at reviewing 
the problems medical device companies 
had with regulatory compliance. By 2015, 
one of the areas identified was CSV for 
the following reasons:
• Instead of demonstrating its intended 

use, CSV was aimed at producing 
documentation to keep auditors and  
inspectors quiet.
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• CSV was synonymous with delay, and 
as a result, it ended up being a nec-
essary evil instead of a value-added 
activity.

• Risk assessments were complex, bur-
densome, and expensive.

• 80% of test problems were because of er-
rors by a tester or in the test instructions.

• Industries used regulatory burden as 
an excuse for not using technological 
advances to improve CSV.

As a result, the FDA set up a joint 
CDRH and industry team to develop a 
new validation approach to computer-
ized systems used in the medical device 
industry with the aim of following the least 
burdensome approach, called computer 
system assurance (CSA).

Least Burdensome Approach
An CDRH guidance for industry is the 
General Principles of Software Vali-

dation issued in 2002. In section 2.3,  
it states:

We believe we should consider the 
least burdensome approach in all 
areas of medical device regulation. 
This guidance reflects our careful re-
view of the relevant scientific and legal 
requirements and what we believe is 
the least burdensome way for you to 
comply with those requirements (2). 

This section concludes with an invitation 
that if a company knows of a better way to 
validate software, talk to the Agency. The 
guidance goes further in section 4.8 on val-
idation coverage which is quoted verbatim: 

Validation coverage should be based 
on the software’s complexity and 
safety risk, not on firm size or resource 
constraints. The selection of validation 
activities, tasks, and work items should 
be commensurate with the complexity 
of the software design and the risk as-
sociated with the use of the software 
for the specified intended use. For 
lower risk devices, only baseline vali-
dation activities may be conducted. 
As the risk increases additional vali-
dation activities should be added to 
cover the additional risk. Validation 
documentation should be sufficient to 
demonstrate that all software valida-
tion plans and procedures have been 
completed successfully (2).

The key takeaway here is to focus on in-
tended use, risk and the nature of the soft-
ware used. The 20-year-old FDA guidance 
sends a clear message that paraphrased 
says it is important to not kill yourself with 
compliance. For too long, the pharmaceu-
tical industry has not evolved from a risk-
averse to a risk-managed industry. 

FDA Centers: CDRH and CDER
The FDA is divided into several centers. 
There are two centers that are discussed 
at length in this column: 
• Center for Drug Evaluation and Re-

search (CDER): This center is responsible 
for the pharmaceutical industry. The ap-
plicable Good Manufacturing Practice 
(GMP) regulations are 21 CFR 211, which 

http://www.alluxa.com
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were first issued in 1978 with a minor update in 2008 (3,4). Because 
of the age of these regulations, there is no explicit requirement to 
perform validation of computerized systems. 

• Center for Devices and Radiological Health (CDRH): This 
center is responsible for medical devices, including scanners. 
The GMP regulations CDRH uses are 21 CFR 820 (5) that are 
based on a 1990s version of ISO 13485 (6). GMP has specific 
requirements to validate software used in a medical device (21 
CFR 820.30) and used for process control and the quality man-
agement system (QMS) (21 CFR 820.70[i]) (5).
Software that is used to control or operate a medical device 

is already validated when you purchase it, which contrasts radi-
cally with software used in the pharmaceutical industry that is 
not validated when you buy it (although many suppliers would 
like you to believe it is), and the laboratory must undertake CSV 
to demonstrate that it is fit for intended use, which is based on 
business needs and the process being automated. Bear in mind 
that CSA is aimed primarily at medical devices and not the  
pharmaceutical industry. 

CSA Principles and Pilot Projects
The joint industry–CDRH team developed the principles of CSA as:
• Focus on the intended use of an application, usually a medical 

device
• Shift from documentation to critical thinking 
• Allow undocumented testing
• Only using trusted suppliers
• The evidence should add value to the testing process, which 

is to reduce the number software bugs as well as demonstrate 
intended use

• Use automation to help the process such as requirements man-
agement and testing

Pilot projects were used to verify and refine the CSA approach. 
Since 2017, there have been a number of presentations and publi-
cations from both FDA staff members and members of the various 
pilot projects. So far, so good.

However, despite a draft guidance for industry for CSA 
being on CDRH’s list of documents to be issued since 2018, 
nothing has appeared from the Agency, which is a problem.

Waiting for Godot?
This is the regulatory equivalent of “Waiting for Godot” where the 
two main characters of the play are on stage for over two hours 
spouting rubbish and Godot never turns up.

It is interesting to contrast the differences in approach to regu-
lations between the USA and Europe. Since 2011, the European 
Union (EU) GMP has updated eight of the nine chapters of Part I, 
including several Annexes such as 11 and 15. Indeed, chapter 4 and 
Annex 11 are being revised again to reinforce data integrity prin-
ciples. In contrast, the U.S. GMP (21 CFR 211) published in 1978 has 
only been updated once in 2008 with the addition of one clause 
impacting manufacturing: 211.68(c) (4). 

It is my opinion that the FDA, specifically CDRH, is inept and 
unprofessional in failing to issue a draft guidance on CSA. 

Instead of updating regulations, FDA issues advice as either 
a Level 1 Guidance for industry documents or a Level 2 Ques-
tion and Answers section published on the FDA website. Let us 
focus on the Level 1 guidance, which are usually issued as a draft 
for industry comment and after a prolonged reflection once a 
final version is issued. Relatively fast track examples of guidance  
issuance are: 
• The Part 11 Scope and Application guidance, which 

was issued in February 2003 and finalized in August the  
same year (7). 

• The Data Integrity and Compliance with cGMP guidance 
moved more slowly in progressing from a draft in April 2016 
to a final version in December 2018 (8). 

However, the usual guidance issuance within the FDA is less 
stellar and more glacial:
• The Out of Specification guidance draft was completed in 

September 1998, but the final version did not arrive until 
October 2006 (9).

• The GMP method validation guidance draft guidance is-
sued in 2000. The final guidance was issued in July 2015 a 
mere 15 years after the draft. (10).
It could be argued that guidance documents are regulation 

by the back door, but all have the phrase “contains nonbinding 
recommendations” emblazoned on each page, which could 
mean that content could be difficult to enforce. 

http://www.starna.com
mailto:sales@starnacells.com
http://www.starna.com
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The Genie’s Out of the Bottle
In the absence of a draft guidance for in-
dustry, there are presentations from CDRH 
officials and industry members from the 
pilot programs as well as articles, white 
papers, and industry guidances published.  
The situation is that we are putting the in-
dustry interpretation cart before the regu-
latory horse. Typically, the reverse is true:  
FDA issue a draft guidance for industry 
comment and then presentations and pub-
lications follow with industry implement-
ing after citations in Warning Letters. Not 
this time, as the genie is already out of the 
bottle. Houston, we have a bigger problem.

Regulation by 
Presentation and Publication
Regulations and Level 1 regulatory guid-
ance documents must go through due 
process. This process involves issuing a 
draft for industry comment, revision where 
appropriate, followed by the final version. 
For regulations, the final version published 
in the Federal Register contains a pre-
cis of industry comments together with 
the review and response by the Agency 
that either rejects or acts upon them.  
You can see this for 21 CFR 11 in the March 
1997 issue of Federal Register: The regula-
tion is three pages and the preamble com-
ments are 35 pages (11). 

However, with CSA, the situation is 
different. The FDA list guidance docu-
ments that they will issue each year and 
one for CSA has been on the list for at 
least three years. Covid is not an excuse 
for inaction by the Agency as the guid-
ance was promised before the pandemic 
and working from home should enable a 
guidance to be issued. Instead, presen-
tations and publications outlining how 
to undertake CSA are being thrown out 
like garbage. However, it is important to 
note that: 
• There is no due process being followed.
• This is regulation by presentation and 

publication.
• FDA has abrogated its regulatory role. 
Without a draft guidance for industry, we 
cannot see if the FDA aims for CSA are 
being filtered, enhanced, or subverted.  
In other words, there is a concern over the 
regulatory integrity of the perspectives 

being presented. As a regulated industry, 
we cannot change direction based solely 
on rumor: We need a draft guidance. But...

Do We Need CSA?
With all of the issues surrounding CSA, an 
important question emerges: Do we need 
it at all? Have we got regulations and guid-
ance for the pharmaceutical industry in 
place now that give us the flexibility to do 
what is purported to be in the CSA guid-
ance? In my view, the answer is yes, and I’ll 
explain in the following sections. Of course, 
this is my interpretation, but because there is 
no guidance for industry, there may be gaps 
in my discussion. 

Regulatory Flexibility
Below are two quotes from “General Prin-
ciples of Software Validation”. Section 2.1 
simply states: 

This document is based on generally 
recognized software validation prin-
ciples and, therefore, can be applied 
to any software (2).

The guidance scope outlined in section 
2 notes: 

This guidance recommends an integra-
tion of software life cycle management 
and risk management activities. Based on 
the intended use and the safety risk associ-
ated with the software to be developed, 
the software developer should determine 
the specific approach, the combination of 
techniques to be used, and the level of ef-
fort to be applied” (2).

A flexible risk-based CSV approach for 
all software is mirrored in EU GMP Annexes 
11 and 15. Clause 1 of Annex 11 focuses on 
risk management: 

Risk management should be applied 
throughout the lifecycle of the computer-
ized system taking into account patient 
safety, data integrity and product qual-
ity. As part of a risk management system,  
decisions on the extent of validation and 
data integrity controls should be based 
on a justified and documented risk as-
sessment of the computerized system (12).

The regulation explicitly states that the 
extent of validation and data integrity con-
trols should be based on the risk posed by a 
system to a product and patient. A product 
for a laboratory can be interpreted as the 
data for a submission or the medicinal prod-
uct for patients. Clause 1 implicitly means 
that a one-size-fits-all validation approach is 
inappropriate. It is important to fit the valida-
tion to the system, not the other way around. 

A system level risk assessment for 
analytical instruments and systems was 
published in this column in 2013 by Chris 
Burgess and myself (13). This approach can 
be used to classify each into the updated 
USP <1058> Groups B and C subtypes (14)  
to determine the extent of qualification 
and validation required.

Next, we have Annex 15 on Qualification 
and Validation clause 2.5:

Qualification documents may be com-
bined together, where appropriate,  
e.g. installation qualification (IQ) and  
operational qualification (OQ) (15).

This makes sense when an engineer in-
stalls and qualifies your next spectrometer,  
you could have an single installation qualifi-
cation (IQ) or operational qualification (OQ) 
document that combines the two activities 
into one document. A single document for 
pre-execution review and post-execution 
approval is appealing. This approach 
is mirrored in USP <1058> that allows, 
where appropriate, qualification activities 
and associated documentation to be com-
bined together (IQ and OQ) (14). But why  
stop there? 

An Integrated Validation Document
Remember the UV spectrometer we dis-
cussed in the introduction where all that 
the system did was measure absorbance 
at a few wavelengths? Why not take Annex 
15 clause 2.5 to a logical conclusion and 
combine all validation elements into one? 
The document should include:
• The intended use requirements only (that 

is, the operating range, accuracy, linearity, 
expected performance, and compliance). 

• Requirements traceability within the doc-
ument is easy to establish with test refer-
ences and links to SOPs for system use. 
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• Either cross reference to a supplier’s instal-
lation and commissioning documents or, 
if not available, the same elements can be 
written within the integrated document.

• Test preparation and any documented 
assumptions, exclusions, and limitations 
of the test approach.

• Tester identification
• Test cases to demonstrate the system 

meets intended its requirements
• Test execution notes to record and  

resolve any testing problems
• Validation summary report and opera-
tional release statement
This sounds like a long list, but with the 
focus on intended use requirements 
only, this can be a relatively short docu-
ment. Control of the process would be via 
an SOP or validation master plan. I have 
practiced and published such an approach 
for systems based on GAMP software cat-
egory 3 and simple category 4 even if the 
data generated were used in batch release 
or submitted to regulatory agencies (16). 
The key is documented risk management 
as required by clause 1 of Annex 11 (12). 

Do I Need a Risk Assessment?
I know what you are thinking, General Princi-
ples of Software Validation (2) recommends 
risk assessments to focus work and EU GMP 
Annex 11 says your need risk management 
should be applied throughout the lifecycle 
of the computerized system (12). However, 
this does not mean you must always per-
form a qualitative failure mode effect analy-
sis (FMEA) described in GAMP 5 (17). 

Let me give you an example of stupidity 
of a risk assessment for remediation of a 
data integrity audit finding: All users shar-
ing the same user account. Sharp intake 
of breath: no attribution of action! What 
happened next? The laboratory then as-
sessed the risk and impact of a shared user 
account with an FMEA risk assessment 
with a numeric assessment of all elements.  
At the end of the assessment, a single 
number is produced and compared 
against a scale to determine if it is critical, 
major, minor, or low. Unsurprisingly, the 
number indicates that this is a critical issue 
(the same as the auditor’s finding!)—and 
only now a remedial action is triggered. 
Guess what the resolution is? Yep, give 

each user their own account. Least burden-
some approach? I don’t think so.

How stupid is this? It is death by com-
pliance. Once identified in the audit, you 
know you have a critical vulnerability.  
You are out of compliance. Fix it. Don’t per-
form a risk assessment when you know what 
the only possible outcome will be. Just fix 
it. Annex 11 does not require a risk assess-
ment; it requires that risk management be 
applied. The audit has identified the risk; the 
remediation is to give each user their own 

account that is faster, easier, and compliant 
with GMP. As Audny Stenbråten, a retired 
Norwegian GMP inspector, stated, “Using 
risk assessment does not provide an excuse 
to be out of compliance.” There is an inter-
esting article by O’Donnell and others en-
titled “The Concept of Formality in Quality 
Risk Management“ that is recommended 
for further reading on this topic (18).

Rather than just apply a single risk as-
sessment methodology as described in the 
GAMP Guide (17), there are methodologies 
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that could be applied to implement a scal-
able risk assessment approach to both ap-
plication software and IT infrastructure (19). 

Leveraging the  
Supplier’s Development
Advocates of CSA mention trusted soft-
ware suppliers. Let’s go back to 2008 and 
the publication of GAMP 5, often cited 
by the FDA, which discusses leveraging 
supplier involvement in sections 2.1.5, 7,  
and 8.3 plus Appendix M2 for supplier as-
sessments (17). There are comments about 
leveraging supplier testing into your valida-
tion. To leverage supplier testing and re-
duce your validation effort, you must do 
more than just sending out a questionnaire 
for the supplier to fill out and QA to stick in 
a filing cabinet or document management 
system. This process requires a proactive 
assessment that reviews the procedures 
and practice of software development for 
software category 4 applications, such as:
• What is the software development life 

cycle is used?
• What software development tools are 

used? 
• How are requirements for the system 

specified and understood?
• How extensive and accurate are software 

code reviews and are they acted upon?
• How are software builds and configura-

tion managed? 
• Is regression testing systematically  

performed and accurately reported?
• How extensive is the formal testing?
• How are software errors identified,  

classified and resolved?
• What is the release process?

The greater the investment in under-
standing the suppliers QMS and software 
development, the more you can rely on sup-
plier decisions and processes. This type of 
assessment is not suitable for a question-
naire, but either an onsite or remote audit.  
It will require at least a day to perform.  
You are looking for a robust software de-
velopment process. Identify two or three 
requirements and trace them through the 
supplier’s development process: How ex-
tensive is the work and does this give you 
confidence in the supplier? As part of the 
evaluation, include questions that a sup-
plier must answer about collaboration and 

sharing information about instrument and 
software issues and updates. You want a 
supplier you can trust. This assessment 
must be documented in a report as it is 
the foundation on which you leverage the 
supplier’s development into your validation 
project to reduce the amount of work.

This information can be used as follows:
• The application assessed is a configurable 

software product (GAMP category 4).
• Although classified as category 4 at the 

application level, there are many func-
tions that are category 3 that are simply 
parameterized, such as selecting a wave-
length to measure a sample absorbance.

• Assess the requirements in the URS 
and compare to the application then 
classify each one as either category 4  
(configured) or 3 (parameterized)

• Providing the assessment report is posi-
tive, all category 3 requirements consid-
ered as validated by the supplier and are 
implicitly tested in the user acceptance 
testing phase (20).

A small investment in time here can reduce 
the amount and extent of user acceptance 
testing of any system. This means there is 
no need for CSA as the regulations and 
industry guidance have been suggesting 
such an approach for over 10 years.

Undocumented Testing
One of the purported CSA approaches is 
undocumented testing, but without the 
draft FDA guidance, care needs to be 
taken. I would caution any regulated phar-
maceutical laboratory saying that they did 
undocumented testing, especially in today’s 
data integrity environment. Remember 
that software controlling a medical device 
is validated under 21 CFR 820 and cannot 
be configured, so one interpretation is that 
undocumented testing can be conducted 
during beta testing with the aim of finding 
errors rather than in formal release testing. 

How could this be applied to software 
used in pharmaceutical laboratories?  
One area is prototyping to learn how 
to configure and use an application. 
Provided this phase is described in the 
validation plan, an undocumented proto-
typing is acceptable with the deliverable of 
an application configuration specification 
containing the agreed software settings. 

Critical Thinking
Rather than a test everything regardless 
approach, critical thinking should focus 
on demonstrating intended use of the sys-
tem and the associated compliance func-
tions to support product development  
or release.

Consider a simple case of password ex-
piry set at 90 days: apart from confirming 
that the expiry has been configured in the 
application, what are you going to do now?
• One system that I audited had a test 

script that started in November and 
finished in February the next year.  
Why so long to run the script? The an-
swer is that we were waiting for the pass-
word to expire!

• An alternative approach is to reset the 
password expiry to one day to test it ex-
pires and then reset to 90 days. Not the 
best way to demonstrate that you can 
change configuration settings easily in 
the current data integrity climate.

• How about thinking this through: How is 
password expiry measured? It uses a sys-
tem clock that is synchronized to a net-
work time server which itself is synchro-
nized to a trusted time source. The clock 
is a vibrating quartz crystal of known 
frequency that the computer counts 
then converts them into time. All you are 
doing is checking that a computer can 
count. Why are you testing this? 

• Alternatively, if password expiry fails and 
passwords are still valid after 90 days, what 
is the risk? The answer is that the risk is 
minimal. If expiry fails in use, it is readily 
detectable. Furthermore, allowing pass-
words to go to 91 days before discovery 
does little to put the product at risk: Roles 
and passwords are still in place and work.

Testing Assumptions,  
Exclusions and Limitations
Barry Boehm explained that it is impos-
sible to test software exhaustively in a 
1970 report for the U.S. military (21). We 
see this in everyday use of computers with 
security updates, patches, minor versions, 
quick fixes, or whatever name is applied to 
them to fix bugs. However, our focus is on 
testing efficiency and how to focus on what 
is important to demonstrate the intended 
use of a system. The key to reducing the 
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amount of effort in testing, in addition to 
leveraging supplier development, is to 
document what assumptions, exclusions, 
and limitations you are making in your test 
approach. Just because you have a re-
quirement does not mean that you must 
test it blindly: You need to think objectively. 

For example, if an application has 100 
different access privileges and you want 
five different user roles, this results in 500 
different combinations. Hopefully, you 
won’t test all of them, but how many will 
you test? How will you justify your ap-
proach? This is the role of documented 
assumptions, exclusions, and limitations 
of your test approach, which documents 
any rationale for what, how, and the extent 
of your testing and how you can leverage 
supplier development. If you are going to 
exclude specific user requirements from 
testing, state why you are doing this (20).

The other side of the coin is including 
additional requirements in the system’s 
unified registration system (URS) just in 
case they might be used in future. If tested, 
these requirements can result in extra 
work for zero value if they are never used.  
For example, if a system is used for quanti-
tative analysis do you validate all calibration 
modes or just the ones that you use now? 
A better way is to focus on current require-
ments in the initial validation. If required 
later, other software features can be evalu-
ated but not used for regulated work. If you 
want to use them, raise a change request, 
include the requirements in an updated 
URS, verify that they work as expected. 
For standalone spectrometer systems,  
it is unlikely that you will have the luxury of 
a separate test instance to evaluate them,  
so this is the only practical way of adding 
new functionality to a validated system.

Test Instructions
The bane of CSV’s existence is test docu-
mentation: at what level of detail will you 
document? Will you be using trained users 
or drag someone off the street to test your 
software? If it is the former, you can reduce 
the detail required compared to the latter. 
Don’t treat testers as though they are naïve 
people with mind numbing detailed instruc-
tions, testers are educated and trained;  
treat them like adults.

Table I compares test instructions for 
risk-averse and trained users. Generally, 
with risk-averse instructions shown in the 

left-hand column, each instruction needs 
to be documented with observed results, 
dated, and initialed. If you are really unlucky, 

TABLE I: Comparison of test instructions for risk averse and trained users

Risk Averse Test Instructions Test Instructions for Trained Testers

1. Access file on the top  
ribbon of the application

2. On the dropdown menu 
select open file

3. Select browse option
4. Open the validation folder
5. Select the file validation.dat 
6. Open the file

1. Open the validation.dat file 
in the validation folder
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you’ll have a screenshot to take at each step. 
In contrast, a better way is to give a trained 
user a simpler instruction shown in the right 
column of Table I. A trained user will know 
how to execute this instruction consistently. 
Note that the quality of test instructions is 
dependent on the knowledge of the soft-
ware by both the test writer and the tester. 
The more training and experience with the 
system, the easier it will be to write simpler 
instructions and execute them. 

Instead of dating and initialing each test 
step, just allow the tester and reviewer to 
sign and date the bottom of each page just 
as you would do for a laboratory notebook. 
Furthermore, some test instructions may 
instruct a tester to get to a different func-
tion of the application. If so, why does a 
test need expected and observed results 
for such instructions?

Can you go further with reduction of 
test documentation? Absolutely, you could 
do so but without the draft guidance avail-
able, why would you dare to?

Screenshot at Dawn
Screenshots are the bane of CSV: They are 
overused and, in most cases, have zero 
value. If used for documenting every step 
in a test, it is indicative of an overcautious 
and risk-averse approach to computer vali-
dation and an absolute waste of resource 
required to execute, collate, review, and re-
tain. If used sparingly, a screenshot can add 
value to a document a transient message 
on the screen where there is no other way 
of recording it. A GAMP Good Practice 
Guide on Testing emphasizes the point 
that only take screenshots when there is 
value added by doing so.

However, if a transient massage on the 
screen also results in an audit trail entry, 
why take a screenshot? Use the audit trail 
entry to automatically document the activ-
ity. In this way, you can save time not just 
by testing analytical functions but simul-
taneously verify audit trail functionality.  
This way, it increases the testing elegance 
as well as reduces the time to test.

An alternative approach to documenting 
you testing could be utilizing screen videos 
that record all that is being done. If properly 
described in the test plan and outline test 
instructions, using screen videos is a perfect 

way to document the evidence. Reviewers 
can randomly select passages to review (22).

Automation of Testing
Test automation is excellent, but it comes 
with caveats. One of the best times for test 
automation is in software development, 
such as regression testing, to see if existing 
functions in new software builds still work 
as expected. As such, test automation is 
fast, and if a new build fails regression test-
ing, then no manual testing is conducted 
until the error is fixed. Manual testing tends 
to be focused on new functions added in 
the release under development. 

Using automated testing in validating 
laboratory systems is best focused on net-
worked applications as most automated test 
tools, such as HP Application Lifecycle Man-
agement (ALM), are networked. However, 
test tools come with the same problems as 
manual testing in that you need to know the 
application software you are testing and the 
level of test step detail. Frewster and Graham 
note that when using an automated test tool 
for the first time, writing the test suite takes 
longer than manual testing. In addition,  
it takes over 10 executions to make a return 
on investment in the test tool (23). The ad-
vantage of an automated test tool is auto-
mated attribution of action via log-on cre-
dentials, contemporaneous execution, and 
the ability to capture and integrate electronic 
documented evidence (included dreaded 
screen shots) easily, quickly, and automati-
cally. This makes review quicker and easier. 

Reality will bite when you try to consider 
automated user acceptance testing on 
standalone systems as is more problem-
atic. How will you load the test tool onto a 
spectrometer system? How will you man-
age the documented evidence and store 
it safely after the validation? Don’t tell me 
you’ll use a USB stick (24)! 

Summary
Although the FDA has developed CSA,  
the inability to issue draft guidance on the 
subject has led to regulation by presen-
tation and publication. The lack of draft 
guidance is not an appropriate regulatory 
process. However, is CSA needed? There 
is sufficient existing flexibility in current 
regulations and industry guidance that the 

pharmaceutical industry has not taken ad-
vantage of. If the pharmaceutical industry 
read regulations to understand CSV as a 
business benefit and investment protection 
rather than regulatory overhead, it would 
make the CSV process simpler and easier. 
However, is FDA incompetence meant to 
keep consultants gainfully employed? 
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IR SPECTRAL INTERPRETATION WORKSHOP

The Infrared Spectra of  
Polymers II: Polyethylene

In our second installment of the infra-
red (IR) spectra of polymers, we fin-
ish the discussion of the spectrum of 
polyethylene (PE) started last time. 
We explore how different PE synthe-
ses produce materials with different 
physical and spectroscopic properties, 
which introduces us to the concept of 
crystalline splitting and the rest of the 
story on CH2 rocking peaks.

Brian C. Smith 

In the last installment (1), I showed 
that the spectra of functional groups 
in polymers are similar to those of 

functional groups in small molecules, 
which means that our analysis of poly-
mer spectra provides us a great oppor-
tunity to review the spectra of the func-
tional groups we have covered over the 
last several years.

It is important to recall from an 
early installment in this series that hy-
drocarbons are molecules that con-
tain hydrogen and carbon only (2), 
thus hydrocarbon polymers are large 
molecules that contain hydrogen and 
carbon only. The simplest hydrocar-
bons are alkanes, which contain CH3 
(methyl) and CH2 (methylene units) (2). 
However, this does not mean that al-
kanes and alkane polymers comprise 
a small family of molecules. In fact, 
the extended hydrocarbon family is a 
large one.

The spectra of alkanes are domi-
nated by the C-H stretching and bend-
ing peaks from the methyl and methy-
lene groups. Table I lists the group 
wavenumber peak position ranges for 
CH3 and CH2 stretching vibrations.

In a previous column (2), we also dis-
cussed that the number of C-H stretch-
ing peaks between 3000 and 2850 cm-1 
(going forward all peak positions will 

be in cm-1 unless stated otherwise) 
discloses whether a sample contains 
methyls only, methylenes only, or both. 
Table II summarizes this information. 

Table III shows the peak positions 
for two useful alkane bending vibra-
tions, the CH3 umbrella mode and the 
CH2 rock.

High-Density Polyethylene 
(HDPE), Low-Density  
Polyethylene (LDPE),  
and Crystalline Splitting
In a previous column (1), we exam-
ined the spectra of LDPE and HDPE,  
both alkane-based polymers, and saw 
how the existence of alkyl side chains 
in LDPE gave it different properties and 
spectra than HDPE. However, I left you 
hanging regarding the details of the 
HDPE spectra. Figure 1 shows the  
details of the HDPE spectra. 

What was not discussed in the previ-
ous column (1) was why the CH2 rock-
ing peak in HDPE is split, with peaks 
at 730 and 720 rather having one 
expected peak at 720±10. To under-
stand this splitting, we need to first 
examine the spectrum of a mixture of 
long chain but not polymeric alkanes.  
The spectrum of petroleum jelly will 
serve as a good example, and its spec-
trum is seen in Figure 2.
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This sample consists of a mixture 
of straight chain alkanes with at least 
18 carbons total and, at minimum,  
16 methylenes in a row. As expected, 
we have three peaks between 3000 
and 2850, confirming we have CH3 and 
CH2 groups present. The methyl group 
umbrella mode is at 1377 as expected, 
but note that similar to HDPE, the 
CH2 rocking peak in Figure 2 is split.  
What is up with that? 

What HDPE and petroleum jelly 
have in common is that they contain 
long chains of methylene groups, 
and that they are solids at room tem-

perature. The CH2 chains in these 
molecules can orient parallel to each 
other forming areas of long range 
order (that is, they crystallize as la-
beled b in Figure 3). It may seem hard 
to imagine that something as squishy 
as petroleum jelly can crystallize,  
but remember the definition of crys-
tallinity is long range order, it has 
nothing to do with how hard a sam-
ple is (4). For example, a snowflake is 
crystalline, but breaks under the gen-
tlest of pressure. Figure 3 also shows,  
labeled a, what randomly oriented CH2 
chains look like. Randomly oriented 

CH2 chains are found in liquid alkanes 
or amorphous regions of polymers.

Why then do HDPE and petroleum 
jelly have a split CH2 rocking peak? 
Imagine methylene groups on two 
parallel CH2 chains both absorbing 
photons of the appropriate energy at 
the same time. They will undergo the 
CH2 rocking vibration simultaneously 
as seen in Figure 4.

These CH2 groups can vibrate in two 
different ways: They can move in-phase 
as illustrated at the top of Figure 4,  
or out-of-phase as seen in the bottom 
of Figure 4. The difference between 
these two situations is that when 
the two CH2 groups rock in-phase,  
they do not touch, but when they 
rock out-of-phase, they collide with 
each other. As a result of this collision,  
there is an interaction between these 
methylenes altering the force constant 
of the vibration and hence its peak 
position. It was discussed in a previ-
ous article that one of the variables 
that determines peak position is the 
force constant for a vibration (5). Be-
cause the in-phase and out-of-phase 
rocking vibrations have different force 
constants, they will have different peak 
positions and result in two CH2 rock-
ing peaks instead of one. The rocking 
vibrations having different force con-
stants is why the spectrum of petro-
leum jelly in Figure 2 has two CH2 rock-
ing peaks at 729 and 720, and why the 
spectrum of HDPE in Figure 1 has two 
CH2 rocking peaks at 730 and 720. We 
will call this pair of peaks a “split CH2 
rocking mode peak.” This splitting is 
indicative of solid, long chain alkanes,  
of which both petroleum jelly and HDPE 
are examples. Liquid alkanes, such as 
melted petroleum jelly, do not exhibit 
this splitting because their chains are 
oriented randomly with respect each 
other. LDPE does not exhibit this split-
ting because the side chains force the 
methylene chains apart, preventing 
them from crystallizing. For review, the 
spectrum of LDPE is shown in Figure 5. 

Note in the spectrum of LDPE that 
there is only one CH2 rocking peak at 
718, as opposed to the pair seen for 
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FIGURE 1: The infrared spectrum of high-density polyethylene (HDPE).

TABLE I: The C-H stretching peak positions for methyl and methylene groups

Vibration Wavenumber Range (cm-1)

CH3 Asymmetric 2962±10

CH3 Symmetric 2872±10

CH2 Asymmetric 2926±10

CH2 Symmetric 2855±10

TABLE II: The relation between the number of C-H stretching peaks and  
functional groups present

Number of Peaks: 3000–2850 cm-1 CH2, CH3, or Both?

4 Both

3 Both

2 CH2 or CH3

1 CH2 or CH3

TABLE III: The diagnostically useful bending vibrations of methyl and  
methylene groups

Vibration Wavenumber Range (cm-1)

C–CH3 Symmetric bend (umbrella mode) 1375±10

C–CH2 Rock >=4 in a row 720±10
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HDPE in Figure 1. Crystalline sam-
ples giving split peaks is a common 
enough phenomenon in infrared (IR) 
spectroscopy that it has its own name,  
crystalline splitting (6). This explains 
why HDPE has a pair of peaks at 1472 
and 1464 and 730 and 720 compared to 
the unsplit peaks in LDPE. The lack of 
side chains in HDPE allows the methy-
lene chains to get close enough to ori-
ent and crystallize, whereas in LDPE, 
the side chains prevent this. To sum-
marize this discussion, the differences  
between the spectra of LDPE and HDPE 
is that LDPE has a small CH3 umbrella 
mode from side chains that HDPE does 
not have (1), and HDPE has split peaks 
that LDPE does not have because it 
has crystalline regions. Because of the 
differences between LDPE and HDPE,  
this means that IR spectroscopy can 
easily distinguish LDPE from HDPE.

But Wait, There’s More!
Polymer chemists are clever people, 
and in their quest to customize poly-
mer properties, they have developed 
many more types of polyethylene than 
just LDPE and HDPE. For example,  
one can take advantage of the fact 
that some syntheses of polyethylene 
produce custom side chain lengths, 
hence customizing polymer properties.  
Have a look at the spectrum of what is 
known as “linear low-density polyeth-
ylene,” or LLDPE, in Figure 6. 

Figure 6 violates everything I just 
said in the last section about polyeth-
ylene spectra as LLDPE has a small 
methyl umbrella mode peak at 1378 
from side chains, which is seen in the 
spectrum of LDPE, and split peaks at 
1472 and 1463 and 729 and 719 which 
are seen in the spectrum of HDPE.  
How can a polyethylene (PE) sample be 
both high-density and low-density at 
the same time? That is because LLDPE 
is made with side chains, but they are 
all short ethyl groups compared to the 
typical hexyl group side chains in LDPE. 
These ethyl groups contain CH3, hence 
the presence of the CH3 umbrella 
mode peak, but the chains are short 
enough, allowing them to orient in a 
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parallel fashion to form crystalline re-
gions, hence the split peaks. The spec-
tra of LDPE, HDPE, and LLDPE show 
that rather than being all one thing or 
all another, PE comes in a spectrum of 
forms, and IR spectroscopy can help 
distinguish between them.

The Secret Life of  
CH2 Rocking Vibrations
As we have seen the length of side 
chains in PE can be customized. 
How, then, would we determine how 
long the side chains in a sample are?  
IR spectroscopy comes to the rescue 
yet again. 

In a previous column (3), I men-
tioned that the CH2 rocking mode falls 
at 720±10, and that this peak only ap-
pears if there are four or more methy-
lenes in a row as indicated in Table III. 
Well, what about alkyl chains with 1, 2, 
or 3 methylenes in a row? How do we 
figure out if they are present?

The rest of the story is that ethyl, 
propyl, and butyl chains have unique 
CH2 rocking peaks as seen in Table IV. 

Note that an ethyl group with just 
one CH2 has a high wavenumber CH2 
rock around 780, that a propyl group 
with a -CH2CH2-CH3 moiety exhib-
its this peak around 740, and in the 
spectra of butyl or -CH2CH2CH2-CH3 
groups, this peak appears around 730. 
Our classic four-or-more-methylenes-
in-a-row CH2 peaks typically appear 
from 725 to 720. As a result, Table IV 
can be used to determine the length 
of short alkyl chains. These CH2 rock-
ing peaks are illustrated in Figure 7, 
which shows the spectra of a tertiary 
butyl group with chains of 1, 2, and 3 
methylenes attached. 

The CH2 rock in the spectrum of the 
ethyl group labeled A in Figure 7 falls 
at 781, for the propyl group labeled B 
at 741, and for the butyl group labeled 
C it falls at 729. This information is sum-
marized in the right most column of  
Table IV, and all these peaks are consis-
tent with the ranges stated in the table.

So, if Table IV is so useful, why didn’t 
I discuss it back in 2015 (3)? That is 
because the CH2 rock is an inher-
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ently weak peak (6). For longer chains 
with many CH2 groups, it has mea-
surable intensity, but in a molecule 

with only one short chain, the peaks 
listed in Table IV can be hard to see.  
However, in custom-made polyethylene 

materials where the length of side chain 
is controlled, we have many side chains of 
the same length hence these CH2 rocking 
peaks may be visible. Table IV then can 
be used to determine the length of side 
chains in polyethylene polymers.

Conclusion
We reviewed the spectra of CH3 and 
CH2 stretching peaks and applied them 
to the spectra of HDPE and LDPE, 
where we learned how crystallinity 
causes some HDPE peaks to be split 
compared to LDPE. We also found that 
there are many forms of PE with custom 
length side chains, and that CH2 rocks 
can sometimes be used to distinguish 
these from each other.
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TABLE IV: The CH2 rocking mode peak positions for chains of different length

-(CH2)n- *CH2 Rock in cm-1

CH3

CH3CH3 C

CH3

(CH2)n

>=4 725–720 -

3 735–725 729

2 745–735 741

1 785–770 781
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Wavelength-dispersive X-ray fluorescence (WDXRF) 
is a direct analysis technique for the detection and 
quantification of elements/composition and elemental 
impurities in pharmaceuticals. It can also analyze a final 
product as unadulterated pills in a non-destructive analysis.

SPECTROSCOPY: Can you tell us more about the roles you are 
currently in at Rigaku?
WILLIAMS: We are both applications scientists specializing in XRF. 
Essentially, we find the best way to prepare and analyze a sample and 
make methods for customers who are evaluating a system or existing 
customers who have a system and have different samples they want to 
look at. We have customers in almost every field, and there are many 
cases in which XRF can benefit the development, control, and design of 
products. Pharmaceuticals is one area we want to expand into.

NGUYEN: Within the last few years, Glenn and I have been working on 
a variety of different pharmaceutical-related applications.

SPECTROSCOPY: What did you do previously to prepare you for  
this job?
NGUYEN: I’ve worked at Merck for over 10 years doing bioanalytical 
analyses, and Glenn worked at Pfizer and GlaxoSmithKline (GSK) 
doing some work that used to bore me, but ironically, I’m heavily 
involved in it now, and I truly love it! 

WILLIAMS: Thanh and I used to work together in different labs where 
she was doing mass spectrometry, and I was doing characterization 
X-ray analyses. We would share stories, and now, we’re both doing 
this together. We’re both very familiar with the drug-development 
process, and the funny thing is we never really saw or heard of XRF 
being used in the field. And now that we’ve been at Rigaku for eight 
years, we really can’t believe we never had access to it at that time.

SPECTROSCOPY: How can your XRF system and knowledge of the 
industry be used to support activities within Pharma?
WILLIAMS: There are a lot of areas, such as quality control and heavy-
metals testing requirements, where a direct analysis technique 
such as XRF could be a big benefit. We even made an application 
to look for carbon, nitrogen, and oxygen to quantify in an active 
pharmaceutical ingredient (API) analyses that helps solid-state 
groups quickly determine if they’ve made salt, hydrates, etc. 

X-Ray Fluorescence and the  
Pharmaceutical Industry:  
Implementing an Age-Old Technique

NGUYEN: For instance, in process chemistry, you 
need to quickly evaluate residual catalysts at 
different steps during the synthesis process. In the 
formulations group, you can analyze for specific 
elements and excipients to help with the blending 
and determine formulations.

SPECTROSCOPY: What are the current techniques 
used to analyze for elements in pharmaceuticals?
NGUYEN: Inductively coupled plasma mass 
spectrometry (ICP-MS) is the most common 
technique, but it has difficulties with negative 
ions such as halides (chlorine, bromine, etc.) 
and needs an additional technique such as ion 
chromatography to take care of those elements. 

WILLIAMS: Combustion analysis techniques are also 
used for carbon, nitrogen, and oxygen. You might 
run a nuclear magnetic resonance (NMR) if you’re 
doing salt stoichiometry, but depending on the 
instrument, XRF could do most of these techniques 
together with very minimal sample preparation.

SPECTROSCOPY: Can you compare and contrast 
those various techniques? 
WILLIAMS: We aren’t experts in ICP or ion 
chromatography, but there are a few significant 
distinctions. The first is sample preparation. In XRF, 
you analyze a sample in its native state. But with ICP, 
you inject it as a solution. This means that for many 
materials, you have to find a way to digest it, dissolve 
it, and get it into a solution so you can inject it. 
Often, this requires a strong, sometimes dangerous 
acid, not to mention the time it takes to process. 

NGUYEN: When Glenn talks about dissolving, 
you’re actually destroying the sample, so you can’t 
recover it when you’re doing ICP—it’s a destructive 
technique in that sense. The second distinction 
is day-to-day operations: ICP requires a fairly 
experienced and knowledgeable scientist.

SPECTROSCOPY: Who operates an XRF 
instrument? How much experience does a typical 
chemist or analyst need to operate XRF systems or 
perform calibrations?
NGUYEN: For routine quantitative samples, anybody 
can operate it. But for calibrations, maintenance, 
and unique one-off samples, the groups that 
currently do elemental techniques such as ICP can 
benefit by adding XRF to their set of skills.

SPECTROSCOPY: What are the advantages of 
XRF given the existing ICP and other elemental 
analysis techniques?
NGUYEN: It’s the ease and stability of calibration—
you calibrate it once and it’s stable for years. In 
contrast, ICP-MS has to be recalibrated, and quality-
control checks have to be run with every set of 
samples. However, with XRF, you do it once and 
maintain the calibrations through drift samples. 

SPECTROSCOPY: XRF is added to the setup of the ICP 
analytical groups and used to complement the ICP?
WILLIAMS: Yes, exactly. It should not be a 
replacement, just a complement to your current 
instrumentation setup. It’s that way in so many 
other industries we support—they have this set 
of tools and XRF as well, so they use them in 
conjunction, but in the pharmaceutical industry, 
that’s not currently the case.

SPECTROSCOPY: What specific instruments do 
you recommend? Are there many to choose from 
or is there a one-size-fits-all? 
WILLIAMS: There’s a wide variety of instrumentation 
available—from handhelds and energy dispersive to 
wavelength dispersive benchtops and floor models.

SPECTROSCOPY: Have you sold a lot of systems 
already? Who have you sold systems to?
NGUYEN: Not as many as we should have! We 
can’t mention a lot of names, but over 10 major 
companies have bought XRF and are getting 
tremendous use from their machines. There is a 
long way to go, and many industries can benefit by 
adding XRF to their equipment/capabilities.

SPECTROSCOPY: Do you have any events planned 
or a forum to help get the word out?
NGUYEN: We’ve done quite a few things such as the 
Rigaku Virtual Conference, but we would like to do 
more, particularly workshops. 

WILLIAMS: We want to find a better way to reach 
our target audience. We have content available that 
we’d like people to be able to see, but it’s getting 
folks to read it. To hear more, readers can reach out 
to us directly at Thanh.Nguyen@Rigaku.com and 
Glenn.Williams@Rigaku.com.  

Glenn Williams, Ph.D.
Analytical Services Manager
Rigaku Americas Corp.

Thanh Nguyen, Ph.D.
Senior XRF  
Applications Scientist
Rigaku Americas Corp. 

http://www.rigaku.com
http://www.spectroscopyonline.com
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Investigating Lanthanide  
Deposition Patterns in Tissue 
Using LA-ICP-MS Imaging
John Chasse

In recent years, concerns have arisen 
about the potential accumulation of 
lanthanides, such as lanthanum and 

gadolinium, in the human body as a result 
of their use in clinical treatments or imaging 
contrast agents, or from exposure through 
drinking water contaminated with contrast 
agents. Laser ablation–inductively coupled 
plasma–mass spectrometry (LA-ICP-MS) 
imaging, which can provide spatially re-
solved quantification of trace elements in 
biological samples, is a powerful tool to 
investigate these questions. Uwe Karst, of 
the University of Münster in Germany, has 
been conducting research in this area, and 
he recently spoke to us about this work.

Karst is the 2021 recipient of the Lester 
W. Strock Award from the New England 
Chapter of the Society for Applied Spec-
troscopy (SAS). This interview is part of 
an ongoing series of interviews with the 
winners of awards that are presented at 
the annual SciX Conference, which will be 
held this year from September 26 through  
October 1, in Providence, Rhode Island. 

In a recent study (1), you investi-
gated the deposition of lanthanum 
in two patients who received lan-
thanum carbonate as a phosphate 
binder because of chronic kidney 
injury and compared it to addition-
ally found gadolinium deposition 
resulting from its use as an MRI  
contrast agent. What are the ben-
efits and risks associated with using 
these chemicals on human subjects?
This complete research area is based on 
findings that gadolinium from magnetic 
resonance imaging (MRI) contrast agents 

may be deposited in different parts of the 
human body. This was first found around 
2006, when a nephrogenic systemic fibro-
sis was discovered, caused by deposition 
of gadolinium in the lower parts of the 
skin, the dermis. This disease was found 
to occur only for terminally kidney insuf-
ficient patients who received gadolinium-
based contrast agents (GBCAs) with lin-
ear ligands, while it was not observed for 
patients who were treated with GBCAs 
with macrocyclic ligands. In 2015, depo-
sitions in the dentate nucleus and other 
areas of the human brain were found, and, 
again, they were mainly observed for pa-
tients given GBCAs with linear ligands, 
thus causing significant concern among 
radiologists. However, despite these dis-
cussions, GBCAs remain essential tools 
for the diagnosis of several diseases,  
including brain tumors and many others. 

Lanthanum carbonate is administered 
to dialysis patients orally in quantities of 
up to three grams of lanthanum daily.  
In the stomach, it is dissolved in the acidic 
environment, and “free” lanthanum(III) 
ions are released that may subse-
quently precipitate and be excreted with  
phosphate from the patient´s blood as 
lanthanum phosphate. Studies on the 
total concentration of lanthanum in the 
human body after significant use of lan-
thanum carbonate by patients showed 
only a limited deposition of this ele-
ment in different organs. For this reason,  
lanthanum carbonate is considered to 
be relatively safe for patients compared 
with other phosphate binders. However, a 
major reason for its limited use is its com-
parably high price.

Was the correlation between depo-
sition sites of lanthanum and gado-
linium expected, or surprising?
At first sight, the co-deposition of both 
lanthanides is not surprising, consid-
ering the chemical similarities of all 
lanthanides. On the other hand, the 
chemical binding forms, or species,  
of both elements, as they enter the 
human body, differ strongly. For gado-
linium, the respective stable complexes 
are injected intravenously; for lantha-
num, a limited quantity of “free” La3+, 
likely complexed with small endogenous 
ligands, is taken up, while the majority 
is excreted as lanthanum phosphate or  
lanthanum hydroxide.

Lanthanum can therefore be consid-
ered as proxy for “free” gadolinium, 
which might enter the body after oral 
uptake of contrast agents, such as from 
contaminated drinking water. It should 
be considered that the stability of the 
GBCAs under acidic conditions, includ-
ing those in our stomach, is limited, 
giving rise to the expectation that oral 
uptake of GBCAs would lead to expo-
sure towards “free” lanthanum(III) ions 
rather than the intact GBCAs. For this 
reason, our results clearly show that the 
exposure of humans to the lanthanides 
strongly depends on the respective 
binding forms, but that released Gd(III) 
and La(III) are found in the same areas of 
the body, as could be expected.

Spatial distribution of gadolinium 
and lanthanum was determined by 
quantitative LA-ICP-MS imaging 
of tissue sections. How many tis-
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sue types were sampled, and what are the benefits to 
using LA-ICP-MS imaging for this analysis over other  
analytical techniques?
Although we tried to obtain a much larger number of patient 
samples, one of the challenges of this work was to draw conclu-
sions from the limited number of only two patients. From only one 
of these patients, we received and investigated several tissues, 
including cerebellum, thyroid gland, muscle, and liver. LA-ICP-MS 
imaging was crucial in this work to quantify the concentration of 
gadolinium and lanthanum in a spatially resolved manner in all 
of these tissues, thus allowing us to obtain data on the distribu-
tion of these and other elements. The paper shows, for example,  
that the distribution of Gd and La in the vessel walls of the dentate 
nucleus within the cerebellum is literally identical, but with much 
larger concentration ratios between Gd and La in this sample than 
in other organs, thus providing the information that intact GBCAs 
will have easier access to the brain than “free” lanthanide ions,  
as in the case of lanthanum carbonate.

LA-ICP-MS is the only easily accessible technique that is 
able to provide information concerning spatial resolution in 
the low- to mid-micrometer range and with ppm- to ppb-
concentration sensitivity rapidly, and only synchrotron X-ray 
fluorescence (SXRF) could provide similar information at all, 
although with strongly limited access to the required large-
scale facilities.

What conclusions have you come to so far in your  
research, both analytically and clinically?
The research of several groups worldwide, including ours, confirms 
that LA-ICP-MS indeed is a very powerful method for spatially 
resolved quantification of trace elements in biological samples. 
The conclusion of this particular work is that oral administration of 
GBCAs as contamination in drinking water or other sources may 
result in completely different pathways than intravenous applica-
tion during medical diagnostics. This is important as people start 
speculating about human exposure from environmental contami-
nation of GBCAs that may increase in the future, due to increasing 
medical use of GBCAs.

What special sample preparation techniques are used for 
this method?
LA-ICP-MS in general only needs limited sample preparation,  
as samples can be analyzed as thin tissue slices with approximately 
3–10 µm thickness, prepared in the same way as pathologists do. 
Traditionally, pathologists first rinse their samples with increasing 
amounts of ethanol, followed by increasing amounts of xylene, 
and finally paraffin embedding. This way, samples can be stored 
as paraffin blocks at room temperature literally for decades, and 
the quality of tissue slices for histology even after a long time re-
mains excellent. For LA-ICP-MS, it has to be considered that not 
only physical sample integrity has to be preserved, as it does for 
pathology, but that the chemical integrity of the sample has to 
be preserved as well. Therefore, we always have to consider that 
no sample constituents should be washed out or carried into the 

sample to avoid artifacts. Therefore, cryosamples, obtained by 
rapid freezing of the samples down to -78 °C, often are the method 
of choice, although cryoartifacts may alter the quality of the tissue 
slices. In real life, the vast majority of samples will be based on par-
affin embedding, and their usefulness depends on the chemical 
species to be analyzed. 

What are the biggest challenges or limitations that you 
have encountered in developing this method?
In most cases, major challenges are associated with sample prep-
aration in these highly interdisciplinary projects. Earlier work by 
our group, for example, has shown that intact GBCAs are rapidly 
washed out from tissues by paraffination and deparaffination 
procedures, while Gd, which was deposited by dechelation in tis-
sues, may remain there during these processes. Therefore, sample 
preparation has to be discussed with our cooperation partners 
from medicine and biology prior to starting any major projects.  
In this particular case, we were interested in deposited Gd and La, 
so paraffinated samples were suitable.

What options or alternatives are available to  
overcome these challenges?
Actually, only a limited number of other options remains.  
Even if SXRF were available to the required extent, the same 
challenges would apply, as they are more linked with sample 
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preparation than with the elemental 
imaging method itself. Over the years,  
we have learned that it is essential to 
begin any cooperation with a very clear 
discussion about what our cooperation 
partners from medicine and biology can 
expect with respect to limits of detection, 
spatial resolution, and information about 
the analyte. On the other hand, we have 
to clearly state our requirements regard-

ing sample preparation (paraffin vs. cryo-
samples) and the consequences that arise,  
in terms of what analytical information can 
be obtained, depending on the sample 
type. As a chemist, I am always excited 
to see how much more we can achieve 
in this field by appropriately considering 
the chemical nature of the analyte and the 
respective consequences for sampling  
and calibration.

What are your next steps in this work?
While it will be extremely hard to ob-
tain further samples from patients 
with a similar history, this study has 
provided us already with some very 
important information regarding the 
differences between intravenous and 
oral routes of exposure to GBCAs. 
Therefore, we are currently looking 
to develop further methods to study 
the stability of GBCAs under various 
environmentally relevant conditions 
and under conditions that GBCAs 
will be exposed to during their way 
through the body after oral uptake. 
First results appear to be promising, 
and we are very much looking forward 
to exciting, interdisciplinary future 
work together with colleagues from 
medical, biological, and industrial  
cooperation partners.
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Identifying Doxycycline Hydrochloride 
and Tylosin in Chicken Using Surface- 
Enhanced Raman Spectroscopy

Because antibiotics are regularly used 
for chicken, food safety is of utmost 
importance, and health experts pay at-
tention to the effect antibiotics could 
have on human health. This study ex-
amines how surface-enhanced Raman 
spectroscopy (SERS) was used to iden-
tify two antibiotic residues in chicken, 
doxycycline hydrochloride (DCH) and 
tylosin (TYL). A single-factor experi-
ment method was adopted to opti-
mize the SERS detection conditions.  
Results show that the SERS intensities 
of the chicken samples containing DCH 
and TYL had greater effectiveness in 
the peaks of 672 and 771 cm-1 under 
gold nanoparticles (Au NPs) as the en-
hancement substrate at 10 min of the 
optimal adsorption time. The original 
SERS spectra were pretreated using 
the method of adaptive iterative penalty 
least square (air-PLS) and the second 
derivative, where the feature vectors 
were extracted by principal component 
analysis (PCA). The first four principal 
component scoring was selected as the 
input values of linear discriminant anal-
ysis (LDA) with an overall classifica-
tion accuracy of 100% for the test set.  
The experimental results show that 
SERS technology can identify DCH and 
TYL in chicken. 

Ting Wang, Haichao Yuan, Muhua Liu, Xiongfei Chen,  
Shuanggen Huang, Jinhui Zhao, Jian Chen, Sha Zhang, and Ning Xu

With the rapid development 
of social industrialization and 
economization, meat, eggs, 

milk, and dairy products have gradually 
become an essential part of the contem-
porary diet because of the continuous im-
provement in the modern standard of liv-
ing (1). Meanwhile, an increasing number of 
problems related to animal food safety have 
emerged around the world (2). Recently, an-
tibiotics have been widely used in poultry 
to treat infectious diseases and accelerate 
growth (3). Tylosin (TYL), a 16-membered 
macrolide compound produced by the 
culture solution of Streptomyces fradiae, has 
been used as a special veterinary drug, pro-
moting growth and treating mycoplasma in 
chicken. Furthermore, doxycycline hydro-
chloride (DCH), a semi-synthetic broad-
spectrum antibiotic derived from oxytet-
racycline, was frequently considered as a 
feed additive in chicken farms. However, if 
chickens were overfed DCH and TYL, the 
two antibiotic residues may not be com-
pletely metabolized in chicken. As a result, 
they can cause allergic or toxic reactions, 
posing a potential threat to human health. 

The common detection methods used 
for antibiotics were microbiological inhibi-
tion methods (4), high performance liquid 
chromatography–tandem mass spectrom-
etry (HPLC–MS) (5), and immunoassay (6). 
Although these methods were simple to 

operate and inexpensive, they had stricter 
requirements for sample pretreatment 
and a time-consuming detection pro-
cess, which made it difficult to meet the 
requirements of rapid detection of DCH 
and TYL residues in chicken. Therefore, a 
rapid, nondestructive, and sensitive detec-
tion method of DCH and TYL residues in 
chicken needed to be implemented.

Surface-enhanced Raman spectroscopy 
(SERS), a simple and ultrasensitive analysis 
technique, was characterized by simple 
sample preparation and the nondestruc-
tive and fast spectral collection (7,8). Some 
metals, including silver or gold nanoparti-
cles (NPs), were used as SERS enhancement 
substrates (9). With the advantages of SERS 
technology, SERS has been widely used in 
food safety detection and has been utilized 
to detect pesticide residues on fruit surface 
(10), veterinary drug residues in animal (11), 
and food-borne pathogenic microorgan-
isms in food (12). Peng and others used 
SERS technology to detect TYL residues 
in water, establishing a good linear rela-
tionship between TYL concentrations and 
Raman intensities to conduct quantitative 
analysis for TYL in water (13). Lee and others 
adopted a SERS method for the qualitative 
and quantitative analysis of chlortetracycline 
and oxytetracycline in animal feed, resulting 
in the real-time monitoring and screening 
of tetracycline drugs in animal feed (14). 

Spectroscopy papers have undergone a double-blind peer review process and are available on our open-access website.
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Premasiri and others identified 12 bacterial 
strains of urinary tract infections (UTI) with a 
sensitivity of more than 95% and a specificity 
of more than 99% by using the partial least-
squares discriminant analysis (PLS-DA) clas-
sification method (15). However, there is not 
yet research on identifying DCH and TYL 
residues in chicken. Hence, there is a need 
for a rapid method of detection of identify-
ing DCH and TYL residues in chickens using 
SERS technology.

In this study, TYL and DCH residues in 
chicken could be rapidly identified using 
SERS combined with multivariable tech-
nology. The four spectral pretreatments—
adaptive iteratively reweighted penalized 
least squares (air-PLS) and normalization, 
air-PLS and standard normal variate (SNV), 
air-PLS and first derivative, and air-PLS and 
second derivative—were performed on the 
raw SERS spectra. The principal component 
scoring was selected as the inputs for the 
support vector machine (SVM) model, and 
the linear discriminant analysis (LDA) model 
established the corresponding prediction 
models and compared their classification 
effects. The experiment results provided 
a theoretical basis for identifying antibiotic 
residues in animal-derived food.

Materials and Methods
Reagents and Materials
DCH (99%) and sodium chloride (NaCl) 
were purchased from Nanchang Jingke 
Scientific Instrument Co. Ltd. TYL (98%) 
was provided by Dr. Ehrenstorfer from Ger-
many. Gold (III) chloride trihydrate (HAuCl4· 
3H2O) with a gold content of no less than 
49% was obtained from Sigma-Aldrich.  
Trisodium citrate was analytical grade 
(Xilong Chemical Co., Ltd.). Ultrapure water 
used throughout the experiments was ex-
tracted by an automatic reverse osmosis 
(RO) pure water machine (Hunan Colton 
Water Co., Ltd.). The fresh chicken breasts 
bought from Hualian supermarket in Nan-
chang, China, were placed in the sterile 
vacuum bag and kept in the laboratory 
refrigerator at −20 °C before use. 

Experimental Method
Preparation of Solution
We obtained 0.04 g/L DCH and TYL stan-
dard solutions by dissolving 0.02 g DCH 
and TYL standards with ultrapure water, 
respectively. Next, these different con-
centration gradients of DCH solution, 
TYL solution, and DCH and TYL solution 
(0.005~0.035 g/L) were obtained by dilut-

ing by DCH or TYL standard solutions with 
ultrapure water.

Sample Preparation
The chicken breasts were cut promptly 
into slices after they were taken out from 
the refrigerator, and they were dried in 
an FD-1A-50 vacuum freeze dryer (Beijing 
Medical Laboratory Instrument Co. Ltd.) 
for 24 h. The dried chicken slices were 
sheared into equal square pieces. Subse-
quently, they were dipped in DCH solution,  
TYL solution, and the DCH and TYL solu-
tion to obtain three groups of the spiked 
chicken samples. The untreated fresh 
chicken samples were the chicken samples 
without DCH and TYL (the blank group).

Synthesis of Gold NPs 
Gold NPs were synthesized by a seed 
growth method using sodium citrate that 
is mentioned in the literature (16). All glass-
ware was soaked by freshly prepared aqua 
regia for 24 h before using and then washed 
completely by ultrapure water. Then, 150 
mL of 2.2 mM sodium citrate solution was 
placed in a three-neck round bottom flask 
to a rolling boil for 15 min (ZNCL-T intelligent 
constant temperature agitator, Yarong In-
strument Co. Ltd.). Next, 1 mL of 25 mM 
HAuCl4 solution was added after the so-
lution boiled. In the meantime, the color 
gradually changes in the solution could be 
observed from yellow to blue-gray and to 
light pink within 10 min. When the above so-
lution cooled to 90 °C, 1 mL sodium citrate 
solution (60 mM) was added at once, and 
then 1 mL of 25 mM HAuCl4 solution was 
added approximately 2 min later. The reac-
tion solution was removed in 2 mL aliquots 
when stirring for 30 min. By that repeating 
growth process 14 times, gold NPs with pro-
gressively larger sizes were obtained. Even-
tually, the gold NPs colloid was cooled and 
stored at 4 °C for further use.

Raman Spectral Measurement
For the next part of the study, 30 μL of gold 
NPs was dripped onto the chicken samples, 
and then their spectra were measured using 
a DXR micro-Raman spectrometer (Sey-
mour Fisher Technology Co., Ltd.) with an 
adsorption time of 10 min. Here, the instru-
ment parameters were set as follows: 18.9 

TABLE I: Results of the correct or erroneous numbers of chicken samples 
classification based on PCA-LDA with three pretreatment methods for the test set.

Pretreatment methods Groups
Categorized as

Blank DCH TYL DCH+TYL

air-PLS + Normalization

Blank 22 5 0 6

DCH 0 11 8 14

TYL 0 8 14 11

DCH+TYL 0 4 12 17

air-PLS + SNV

Blank 22 11 0 0

DCH 0 28 5 0

TYL 0 4 18 11

DCH+TYL 0 4 5 24

air-PLS + first derivative

Blank 33 0 0 0

DCH 0 33 0 0

TYL 2 0 26 5

DCH+TYL 0 0 2 31

air-PLS + second derivative

Blank 33 0 0 0

DCH 0 33 0 0

TYL 0 0 33 0

DCH+TYL 0 0 0 33
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mW of the laser energy, 5 s of collect expo-
sure time, 10 s of preview collection time, 10 
times of sample exposures, and 16 times of 
background exposures. For identifying the 
four groups of chicken samples, the SERS 
spectrum of each sample was collected 
only once, and a total of 400 samples were 
obtained. Among them, two-thirds (268) of 
the samples were randomly selected as a 
training set to establish the discrimination 
model, and the rest (132) was used as a test 
set to verify the classification accuracy.

Optimization of Test Conditions
Adsorption time was one of the impor-
tant factors affecting SERS intensity.  
To enhance SERS signal intensities of DCH 
and TYL in chicken, the adsorption time 
was optimized in this paper. According to 
the single factor experiment method, the 
SERS spectra of samples were measured 
at 0, 2, 4, 6, 8 10, 12, and 14 min of adsorp-
tion time, respectively, after 30 μL gold NPs 
were dropped on chicken samples con-
taining DCH and TYL. The SERS spectra of 
five parallel samples, of which the average 
spectrum was taken as the SERS spectrum 
at each adsorption time, were measured 
for each adsorption time point. The op-
timal adsorption time was determined 
by comparing the SERS intensities of the 
characteristic peaks at 672 and 771 cm-1.

Also, different SERS enhancement sub-
strates could produce different enhance-
ment effects on the SERS signal of chicken 
samples. In this regard, 30 μL gold NPs and 
30 μL gold NPs mixed with 50 μL NaCl (0.1 
g/L) were added onto chicken samples con-
taining DCH and TYL, and then their SERS 

spectra were measured at 10 min of ad-
sorption time. Five parallel samples were 
processed for each enhancement method 
(gold NPs and gold NPs mixed with NaCl), 
and their average spectrum was taken as a 
SERS spectrum of each enhancement sub-
strate. The SERS enhancement substrate 
was determined by comparing the SERS 
intensities of the characteristic peaks at  
672 and 771 cm-1.

Spectra Data Processing
The SERS spectral data in the range of 400 
to 1800 cm-1 were selected to make pro-
cessing analysis. After some useless back-
ground noises in the original, SERS spectra 
were deducted through the air-PLS algo-
rithm carried out in Matlab 2014a software 
(The Mathworks, Inc.). The second deriva-
tive was processed using the Unscrambler 
X10.4 (Camo). Next, feature vectors were 
extracted using the PCA method on the Un-
scrambler X10.4. The numbers of principal 
component scoring were chosen by analyz-
ing the PCA scoring chart, and they were 
used as the input values of classification rec-
ognition models (SVM and LDA). The best 
classification recognition model was deter-
mined by comparing the results of discrimi-
nation for four groups of chicken samples. 
To improve the classification accuracy, the 
best spectral preprocessing method was 
selected based on the total classification 
accuracy of the test set by comparing four 
kinds of preprocessing methods (air-PLS 
and normalization, air-PLS and SNV, air-PLS 
and first derivative, and air-PLS and second 
derivative). The sensitivities and specificities 
of the four groups of samples were calcu-
lated to examine the ability of correct clas-
sification for each group of samples. 

Results and Discussion
SERS Spectral Analysis
The SERS spectra of the DCH and TYL 
standards from 400 to 1800 cm-1 were pre-
sented in Figure 1. The SERS characteris-
tic peaks of TYL standard at 673, 811, 931, 
1238, and 1591 cm-1, which didn’t overlap 
with those of the DCH standard, could be 
observed. These peaks could be used as 
the characteristic peaks to identify TYL from 
these two standards. Similarly, 493, 610, 703, 
771, 884, and 1355 cm-1 were regarded as 
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the SERS characteristic peaks to distinguish 
DCH from these two standards. However, 
whether these peaks could be used as SERS 
characteristic peaks to identify DCH and 
TYL in chicken still needed further analysis.

To confirm whether DCH and TYL in 
chicken could be identified, the average 
spectra of four groups of samples (blank 
group in curve a, DCH group in curve b, 
TYL group in curve c, and DCH+TYL group 
in curve d) can be seen in Figure 2. The 
SERS characteristic peaks of the DCH and 
TYL group at 484, 561, 646, 672, 771, 820, 
893, 1285, and 1372 cm-1 were not repeated 
with those of the blank group. Thus, these 
peaks were preliminarily determined to dis-
tinguish DCH or TYL residues in chicken.  
Further comparing and analyzing the 
SERS spectra of the DCH group and the 
TYL group, the palpable SERS peaks of 

the DCH group were at 646, 771, 893, 
1285, and 1372 cm-1, and the peaks of the 
TYL group at 561, 672, 820, 1285 and 1372 
cm-1 could be observed. The SERS peaks 
of these two groups of DCH and TYL 
were not overlapped at 561, 672, 771, 820,  
and 893 cm-1, and the SERS peaks at 646, 
1285, and 1372 cm-1 concurrently belonging 
to these two groups could not be consid-
ered SERS-identified peaks of DCH or TYL 
in chicken. The results illustrated that at 561, 
672, 771, 820, and 893 cm-1 could be used 
as the SERS characteristic peaks of DCH 
and TYL residues in chickens. Considering 
whether these peaks truly belong to DCH 
and TYL, 672 and 771 cm-1 could be used 
as the characteristic peaks of DCH and 
TYL by analyzing the characteristic peaks 
of standard in Figure 1. The Raman peak of 
DCH in chicken was blue-shifted to 672 cm-1 
compared with that of DCH standard at  
673 cm-1. Therefore, 672 and 771 cm-1 could 
be regarded as SERS characteristic peaks to 
identify DCH and TYL in chicken.

Effect of Optimization  
Conditions on SERS Intensities
When the molecules of DCH and TYL ag-
gregate on the rough surfaces of gold NPs 
with adsorption capacity, the Raman in-
tensities of for both can be enhanced (17). 
When NaCl, magnesium sulfate, and other 
electrolytes are selected as emulsifying 
agents, their Raman intensities may be fur-
ther increased or decreased (18). Therefore, 
the enhancement effect of NaCl on SERS 
intensities for chicken samples containing 
DCH and TYL was investigated in this paper. 
As observed from the illustration in Figure 
3, SERS intensities at 672 and 771 cm-1 in the 

curves A were lower than those in curve B. 
The addition of Cl- can promote the po-
lymerization of gold NPs, and plenty of 
hotspots would be generated to further en-
hance the SERS enhancement effect in this 
process. However, the SERS enhancement 
effect can be also inhibited in the case of a 
large amount of Cl-, because of the decline 
of the surface area ratio of gold NPs to the 
measured molecules following the growing 
amount of Cl- (19). From this, gold NPs were 
chosen as SERS enhancement substrate in 
the follow-up experiments. 

The adsorption time of molecules on the 
rough surface of gold NPs had a vital impact 
on the enhancement of SERS intensities. 
The influence of diverse adsorption time on 
SERS intensities of chicken samples contain-
ing DCH and TYL are displayed in Figure 
4. In the range of 0 to 14 min, a large SERS 
intensity was found at 672 cm-1 when the ad-
sorption time reached 6 min. If 6 min was 
selected as the best adsorption time, the 
detection limit of DCH in chicken would be 
affected because SERS intensity at 771 cm-1 
was relatively weaker than that at 672 cm-1. 
When the adsorption time was extended to 
10 min, SERS intensity at 771 cm-1 gradually 
reached the topical maximum, and the peak 
intensity at 662 cm-1 was also higher than 
that at 771 cm-1. Hereby, 10 min was used 
as the best adsorption time.

Classification Results of  
SERS Spectral Data 
Spectral pretreatment has played an 
important role in near-infrared (NIR),  
Raman, and other spectral analysis. Be-
cause of the interference of emission noise, 
background noise, or instrument noise in 
the process of SERS spectrum acquisition, 
the spectral data inevitably contains some 
useless information. 

Consequently, it was essential to pre-
process the SERS spectra of samples to 
improve the classification accuracy of sam-
ples. In this study, four spectral pretreat-
ment methods were investigated; these 
pretreatment methods were air-PLS and 
normalization, air-PLS and SNV, air-PLS and 
first derivative, and air-PLS and second de-
rivative. Table I revealed the results of num-
bers of chicken samples were classified cor-
rectly or incorrectly for the test set (n = 132)  
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with four pretreatment methods based on PCA-LDA. By compar-
ing the classification results for these four spectral preprocessing 
methods, air-PLS and normalization and air-PLS and SNV had rela-
tively few correct numbers, and their classification accuracies were 
48.5% and 69.7%, respectively. Nevertheless, air-PLS and SNV and 
air-PLS and second derivative had higher classification accuracies 
than the abovementioned preprocessing, and they were 93.1% 
and 100%, respectively. Thus, air-PLS and second derivative was 
selected as the optimum pretreatment method for classifying the 
four groups of chicken samples.

Principal component analysis (PCA), a multivariate statistical 
analysis technique, could be operated with the help of singular 
value disintegration of the data matrix or feature disintegration of 
the variance-covariance matrix (20). The SERS spectra pretreated 
of air-PLS and second derivative were performed in the PCA, and 
the two-dimensional (2D) scoring scatters diagram of the first four 
PCA were drawn as shown in Figure 5. In the scoring diagram 
of PC1 and PC2, the TYL group was separately concentrated in 
the upper area whereas the other three groups overlapped and 
crossed in the lower part, which showed that the TYL group could 
be identified from four groups samples. The blank group was sep-
arated and distributed in a certain area in the scoring diagram of 
PC1–PC3, PC2 and PC3, and PC3 and PC4. The DCH and TYL 
group was located in the upper left corner without overlaying 
and intersecting with the blank group, DCH group, or the TYL 
group in the scoring diagram of PC1–PC4, PC2–PC4, and PC3 
and PC4. Because the DCH and TYL group did not overlay with 
the other three groups, it illustrates that the blank group and the 
DCH and TYL group could be effectively screened from the four 
groups of chicken samples. The DCH group was assembled with 
a spot of blank group samples through PC2–PC4 analysis, so the 
DCH group could not be split accurately from the blank group.  
According to the analysis of the scoring diagram of the first four 
PCA for the training set, the PCA algorithm was not able to 
completely distinguish these four groups of chicken samples.  
Therefore, the LDA model using the first four PCA scoring as the 
input values was established to increase the feature discrepancy 
of the four groups to availably filter and discriminate for them.

LDA is a supervised learning method based on linear projection 
(21). SVM is a statistical learning way to identify, classify, and regres-
sion analyze for samples (22). To obtain better classification effects 
on four groups of chicken samples, PCA-LDA and PCA-SVM were 
used to build the classification models. According to the accuracy 
of modeling for the training set, the results explored that the clas-
sification accuracy of the SVM model was 99.6% with the optimal 
values of parameters C = 10 and g = 0.1, and classification accu-
racy of the LDA model for the training set was 98.5% under the 
condition of assumption prior probability equality (each chicken 
sample equivalently was selected) and keeping linear method. 
The classification accuracy of the SVM model for the test set was 
97%, and yet the classification accuracy of the LDA model could 
reach 100%, which showed that four groups of samples were clas-
sified well using the LDA model. Accordingly, LDA was used as 
the optimal model for the classification of four groups of chicken 

samples. The sensitivity and specificity values of four groups of 
samples for the test set were revealed in Table II. The four groups 
of samples had poor sensitivity and specificity using the spectral 
pretreatment methods of air-PLS and normalization and air-PLS 
and SNV, which could not live up to the effect of exhaustive dis-
tinction. As far as the PCA-LDA model based on air-PLS and first 
derivative was concerned, the sensitivity values and the specificity 
values were 78.8–100% and 92.8–100%, respectively. The sensitiv-
ity value and the specificity value of the PCA-LDA model were 

PC1

PC1

PC2

Control DCH TYL DCH+TYL

P
C

2
P

C
4

P
C

4

20

15

10

5

0

-5

-10

-15
-10 -5 0 5 10

20

15

10

5

0

-5

-10

-15
-10-15 -5 0 5 10 15

PC2

PC1

PC3

P
C

4

20

15

10

5

0

-5

-10

-15
-10-15 -5 0 5 10 15

P
C

3

15

10

5

0

-5

-10

-15
-15 -10-15 -5 0 5 10 15 20

20

15
10

5
0

-5

-10

-15
-20

-10 -5 0 5 10

P
C

3

15

10

5

0

-5

-10

-15
-10 -5 0 5 10

FIGURE 5: Two-dimensional (2D) scoring scatter diagrams of 
the first four PCA for the training set. Principal component (PC) 
numbers are labeled on each axis as PC1, PC2, PC3, and PC4. 

http://www.starna.com
mailto:sales@starnacells.com
http://www.starna.com


40  Spectroscopy 36(9)   September 2021 www.spectroscopyonline.com

PEER-REVIEWED RESEARCH

100% and 100% using air-PLS and sec-
ond derivative as pretreatment method,  
respectively, which showed that this pre-
treatment method could correctly classify 
and sensitively distinguish each group from 
other groups. To summarize, this sensitive 
and rapid method of the identification of 
DCH and TYL residues in chicken could be 
applied as a detection means of chicken 
quality and safety issues in the future.

Conclusion
A rapid identification method for DCH and 
TYL residues in chicken was investigated 
based on SERS technology combined with 
multivariate data analysis. The influences 
of two kinds of enhancement substrates 
and adsorption time on SERS intensities 
were analyzed. The results certified that 
the SERS intensities of characteristic peaks 
of chicken samples could be enhanced by 
using gold NPs as enhancement substrates 
at 10 min of adsorption time. Air-PLS and 
second derivative were selected as the 
optimal spectral preprocessing methods 
after comparing four spectral preprocess-
ing methods. The first four PCA scoring 
were used as the input values of the LDA 
model with a total accuracy of 100% for the 
test set. In conclusion, DCH and TYL resi-
dues in chicken could be identified based 
on SERS technology combined with a mul-
tivariate discriminant model. 
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TABLE II: Sensitivity and specificity values of the PCA-LDA model based on four pretreatment methods for classification of 
DCH and TYL in chicken for the test set

Groups
Air-PLS+

Normalization SNV First Derivative Second Derivative

Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity

Blank 66.7 % 73.8% 66.7% 84.3% 100% 100% 100% 100%

DCH 39.4 % 58.5% 84.8% 82.2% 100% 100% 100% 100%

TYL 42.4 % 72.0% 54.5% 79.7% 78.8% 92.8% 100% 100%

DCH + TYL 51.5 % 66.0% 72.7% 86.8% 93.9% 97.8% 100% 100%
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The 2021 Emerging Leader in  
Molecular Spectroscopy Award

This year’s molecular spectroscopy 
award recipient is Bhavya Sharma, 
whose research focuses on neuro-
chemical detection with various forms 
of Raman spectroscopy, including sur-
face-enhanced Raman spectroscopy 
(SERS) and spatially offset Raman 
spectroscopy (SORS).

Jerome Workman, Jr. 

Bhavya Sharma is an assistant 
professor of chemistry at the 
University of Tennessee in Knox-

ville. Her research focuses on neurochemi-
cal detection with various forms of Raman 
spectroscopy, including surface-enhanced 
Raman spectroscopy (SERS) and spatially-
offset Raman spectroscopy (SORS).  
She has developed novel Raman spectros-
copy methods for neurochemical detec-
tion, including surface-enhanced spatially 
offset Raman spectroscopy (SESORS).  
Her group has demonstrated detec-
tion of neurochemicals through the skull, 
down to nanomolar concentration ranges.  
Additionally, she is developing methods 
to demonstrate direct detection of mol-
ecules, such as cortisol, for the first time by 
combining SERS and multivariate analysis.

Sharma earned her BS and MS degrees 
from the State University of New York 
(SUNY) at Buffalo, New York. She received 
her PhD in chemistry from the University 
of Pittsburgh in Pittsburgh, Pennsylvania 
in 2011, under Professor Sanford A. Asher. 
Sharma then worked as a postdoctoral 
fellow in the Department of Chemistry 
at Northwestern University in Evanston, 
Illinois, from 2011 to 2015 with Profes-
sor Richard P. Van Duyne. She joined the  
University of Tennessee in 2015.

With an h-index of 17, an i10 index of 18, 
and more than 3260 citations in Google 
Scholar, Sharma has published ground-
breaking Raman research in journals such as 
Analytical Chemistry, Encyclopedia of Ana-

lytical Science, Biosensors, ACS Chemical 
Neuroscience, Advanced Photonics, Nano 
Letters, Journal of the American Chemical 
Society, and Applied Spectroscopy. 

Summary of Research Work 
In 2011, as a PhD student at the University 
of Pittsburgh, with Professor Asher, Sharma 
explored the application of deep ultravio-
let (UV) resonance Raman spectroscopy for 
studying the electronic transitions of pep-
tides. She was able to measure UV spectra 
at Raman excitation wavelengths from 194 
to 220 nm to discover peptide configura-
tion changes for both folded and unfolded 
states, revealing the peptide secondary 
structures. When combined with absorp-
tion spectra correlations, these studies 
have advanced the understanding of the 
nature of proteins.

During her work as a postdoctoral re-
searcher at Northwestern University with 
Professor Van Duyne, she researched the 
application of SERS for the measurement 

Bhavya Sharma
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of nanoantenna structures and glu-
cose sensing. She also applied SORS 
for in vivo biosensing applications,  
and combined the use of UV resonance 
and SERS for biomolecule measure-

ment. This work resulted in nine impor-
tant publications, including a thorough 
review paper reviewing SERS materi-
als and applications, published in the  
journal Materials Today.

As part of her postdoctoral work, 
Sharma also combined SERS and SORS into 
a hybrid method referred to as SESORS. 
The SESORS technique was applied to 
measure neurochemicals through the skull, 
whereas all such previous measurements 
had been measured through the skin.  
This work has opened up possibilities for 
in vivo brain monitoring.

Since beginning her independent ca-
reer in 2015 at the University of Tennessee, 
Sharma has continued to explore the ap-
plication of Raman spectroscopy for in vivo 
biochemical sensing, most recently for the 
detection of neurochemicals at nanomolar 
concentrations through the skull. Since the 
development of SESORS, other major re-
search groups have also begun to evaluate 
its use for biomedical applications.

Most Recent Research Publications
The most recent papers by Sharma, from 
2019, explore the application of in vitro 
and in vivo SERS biosensing for the de-
tection of active and important biomol-
ecules related to hormone regulation,  
neurological health, and disease diagnosis.  
Other recent research involves the de-
tection and monitoring of volatile or-
ganic compounds (VOCs) important for  
environmental and health aspects.

In one such study, Sharma and Moore 
applied SERS measured spectra, combined 
with principal components analysis (PCA), 
to demonstrate SERS-based detection of 
cortisol at physiological levels (1). The deter-
mined limit of detection was estimated to be  
177 nM using colloidal silver nanopar-
ticles in ethanolic solution for the SERS 
detection. The PCA data processing  
step showed a linear prediction of cortisol 
concentration, even within a complex ma-
trix of bovine serum albumin in phosphate  
buffered saline.

Sharma presented the application of 
SERS for in vitro and in vivo neurochemi-
cal detection for early-onset neurological 
disease diagnosis in a paper presented at 
the American Chemical Society meeting  
in 2018 (2). 

Sharma and a coworker reported the 
detection of VOCs using a SERS-based 
substrate method, requiring only a 30 s 
exposure to the neat liquid (3). 

Group photo at the Spectroscopy Society of Pittsburgh monthly meeting 
where Sharma was the invited speaker. L to R: Front Row: Sandy Asher, Bhavya 
Sharma, and the late John Jackovitz. Second Row: Chuck Gardner, Don Antczak,  
and Kerry Holzworth, September 2017, Pittsburgh, Pennsylvania.

The Sharma Group at the University of Tennessee comprises an impressive and di-
verse group of graduate (G) and undergraduate (UG) students. L to R: Front Row: 
Grace Sarabia (G), Paula Evans-Pimiento (G), Anna Stewart (UG), Bhavya Sharma, 
Avery Wood (G), Alyssa Daniel (G), Annabeth Vannucci (UG). Second Row: James 
Elliott (UG), Sarah Troyer (UG), Natalie Dunn (G), Josh Moore (G), Taylor Payne 
(UG), Jonathan Chapa (UG), and Ian Bennie (UG), Knoxville, Tennessee, Fall 2019.

Former Van Duyne group postdocs reunite at SERMACS 2019. L to R: Lauren Bu-
chanan, Bhavya Sharma, and Renee Frontiera, October 2019, Savannah, Georgia.

Source: All images courtesy of Bhavya Sharma
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In 2018, Sharma, along with her collaborators, demonstrated 
that SERS exhibits both sufficient sensitivity and selectivity for bio-
logically important analytes for in vivo and in vitro biosensing (4).  
This work provided confirmation that SERS could prove useful in 
clinical situations requiring quantitative analysis of metabolites for 
a broad range of disease states.

In another study, Sharma and Moody investigated the use of SERS 
for the rapid and sensitive detection of neurotransmitters, such as 
melatonin, serotonin, glutamate, dopamine, gamma aminobutyric 
acid (GABA), norepinephrine, and epinephrine (5). This work inves-
tigated both the effect of the SERS substrate metal used, and the 
laser excitation wavelength selected for detection.

Most Impactful Work to Date
In assessing Sharma’s impact on the field of analytical Raman  
measurements, it is useful to look at both her mostly highly cited 
papers, as well as those considered most important by her mentors 
and peers. Of her research work, the following papers have received 
the most citations. 

Key Career Publications: Most Cited 
Sharma’s most highly cited works demonstrate a detailed un-
derstanding of the phenomena associated with SERS and re-
lated measurement techniques. The breadth and depth of her 
published work is a tribute to her diligence and insight into  
SERS-related analysis.

In one publication, cited 1671 times, Sharma presented 
a broad review of multiple aspects of the SERS technique, 
including modes of sensing, spectroelectrochemistry,  
single-molecule SERS, and a variety of practical applications (6). 
Subjects covered include research from the Van Duyne group, 
ultraviolet (UV)-SERS, tip-enhanced Raman spectroscopy (TERS),  
and ultrafast SERS.

Published in 2013, a Journal of the American Chemistry Society 
paper, with 298 citations, describes the use of gold nanoanten-
nas applied to surface-enhanced Raman excitation spectroscopy 
(SERES) (7). This manuscript delves into the relationship between 
the near- and far-field light interactions using a correlated far-field 
localized surface plasmon resonance (LSPR)–transmission electron 
microscopy (TEM)–SERES technique. The specifics of this research 
involved gold (Au) nanoparticle aggregates ranging from dimers 
to undecamers, coated in a reporter molecule and encased in a 
protective silica shell. These nanoparticles were excited using eight 
distinct laser wavelengths. This manuscript describes in detail the 
hot spot dominated SERS response of the gold nanoantennas.

An article published by Sharma in 2013, with 277 citations, reviews 
progress in the fabrication of SERS substrates and the requirements 
for characterizing plasmonic materials to determine substrate suit-
ability as SERS platforms (8). The issues discussed include fabrication 
of SERS substrates, and nanosphere lithography for the preparation 
suitable substrates. The advantages of applying TERS to measure 
molecular vibrational information for high spatial resolution imag-
ing are also described. Other issues described in this paper include 
the development of surface-enhanced femtosecond stimulated 

Raman spectroscopy (FSRS), the application of microfluidics to SERS,  
fabrication of suitable substrates, and the need for reliable  
characterization of SERS substrates.

Metallic nanoparticles are known to have a strong interaction 
with light, particularly laser light. This strong interaction is caused by 
localized surface plasmon resonances (LSPRs). Sharma has explored 
the specific advances and advantages of single-particle studies of 
plasmonic nanostructures in a paper with 185 citations (9). In this 
perspectives article, she details recent improvements in spatial and 
spectral resolution for both far-field and near-field phenomena,  
as well as the common techniques used. SERS, SERES, TERS,  
and LSPR are Raman techniques developed over the past 20 years 
that all have unique analytical capabilities to measure the proper-
ties of single molecules and small particles. In a review paper cited 
172 times, Sharma and coworkers described how Raman and LSPR 
spectroscopy can reveal details on the identity of molecular species 
and also changes in the local environment for observed nanosam-
ples (10). This review of recent developments in single-molecule and 
single-particle Raman and LSPR spectroscopy helps other research-
ers gain insight into useful applications of these techniques.

Research Work Named by Mentors and Peers
In highlighting Sharma’s work for this award, S. Michael Angel of the 
University of South Carolina noted that Sharma has become a leader 
in the field of neurochemical detection using multiple forms of 
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Raman spectroscopy, including SERS, SORS, SESORS, SERES, TERS, 
and LSPR. Her own research group has recently demonstrated in vivo 
detection of neurochemicals in animal brain, down to nanomolar  
concentration ranges. 

By combining these Raman techniques and chemometrics, she 
is able to directly detect important biomolecules, such as cortisol, 
for the first time. Her most influential and instructive research pub-
lications may very well be in her recent review articles on the ex-
planations and applications of Raman phenomena (4,6,10), and in 
her description of the application of Raman spectroscopy to study 
brain chemistry, which was highlighted in Chemical & Engineering 
News Online (11). In 2016, as part of the Van Duyne research group, 
Sharma completed a detailed investigation of aluminum-film-based 
substrates for deep-ultraviolet SERS (12). In 2017, Sharma was first 
to publish the combined application of SERS and SORS for in vivo 
detection of neurochemicals through hard bone tissue (13).

Valued Research in the Raman Community
Jean-Francois Masson, a professor of analytical chemistry at the 
Université de Montréal, also appreciates the high quality of Sharma’s 
research. “I believe that her recent work in the field of Raman spec-
troscopy for neuroscience will make an impact,” he said. “Her ap-
proach of minimally invasive SERS spectroscopy aims at addressing 
some of the challenges of the contemporary analytical techniques 
in neuroscience.” He points, for example, to her exploration of ex-
perimental and instrumental parameters for the label-free detec-
tion of a comprehensive panel of neurotransmitters. “Her paper 
on the detection of neurotransmitters published in ACS Chemical  
Neuroscience in 2018 provides some of the fundamental experi-
mental parameters that will help many researchers in the field of 
SERS neurochemistry,” he said. He also noted the value of the 
thorough review published by Sharma and her students on Raman 

spectroscopy and neuroscience published in Analyst (2020),  
titled “Raman spectroscopy and neuroscience: from fundamental 
understanding to disease diagnostics and imaging,” that captures 
the state of the field, and has been helpful to other researchers in 
the use of SERS for bioanalysis. 

Other leading scientists echoed this view. “Personally, I highly 
value her opening of the new branch of Raman spectroscopy in the 
area of non-invasive monitoring of neurotransmitters in biological 
tissues (through the skull),” said Pavel Matousek, of the Rutherford 
Appleton Laboratory, Science and Technology Facilities Council 
(STFC) at Chilton, in Oxfordshire, England, Matousek also highlights 
Sharma’s work as a graduate student and postdoctoral researcher. 
“Her research in Profs. Van Duyne and Sandy Asher’s groups from 
earlier days is also highly impactful,” he said.

Zachary Schultz, an associate professor of chemistry and bio-
chemistry at The Ohio State University, has collaborated with 
Sharma scientifically to co-organized sessions at conferences,  
such as Pittcon. He noted that Sharma is researching some chal-
lenging measurements, such as monitoring neurotransmitters in the 
brain using Raman spectroscopy. “Demonstrating that SORS can 
be used to detect neurotransmitters through bone is a significant 
contribution,” he said. “This really opens up possibilities for using 
SORS and SESORS) for in vivo monitoring.” 

A Dedicated Mentor
In addition to her conducting valuable research, Sharma is a  
dedicated professor and mentor to her students. 

“Bhavya’s research program extends beyond graduate  
students,” noted David Jenkins, the Associate Head for Chem-
istry at the University of Tennessee. “She has been one of the 
top recruiters for undergrad researchers in our department, 
and consistently mentors multiple students per semester.”  
He also noted that Sharma has been highly instrumental in imple-
mentation of science, technology, engineering, or mathemat-
ics (STEM) education at UT, and has even taught chemistry and 
an “Introduction to Nanotechnology” course at the Tennessee 
Governor’s school at UT during the summers for advanced high  
school students. 

Sharma is also a strong proponent of involving under-represented 
minorities in undergraduate and graduate research. She has been a 
mentor to 24 undergraduate students in research in 4.5 years, includ-
ing 15 female students and five students of ethnic minority groups; 
she has also mentored six female graduate students. Approximately 
half of the approximately 70 students she has taught over the last 
three years are underrepresented minorities or will be first-generation  
college students.

“She seems to genuinely care about the people in her laboratory 
and provides excellently trained people,” notes Schulz. As a mentor, 
Sharma has a reputation as a person who is very generous of her 
time with her group and for the research community. 

Masson says her group members will tell you she is an outstand-
ing mentor to them. “She has contributed to the organization of 
sessions at many conferences, and she has developed an excellent 
network of scientists in the spectroscopy field.” 

Sharma is the instructor in a month-long college experi-
ence for highly talented high school students in the state of 
Tennessee, called the “Governor’s Schools for Science and 
Engineering.” Sharma’s class is focused on nanotechnol-
ogy and nanoscience. As part of the course, the class took 
a field trip to Eastman Chemical Company, in Kingsport,  
Tennessee. This photo was taken after the class toured 
some of the research laboratories at Eastman in June 2018.
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The Future
Colleagues agree that given Shar-
ma’s excellent work, combined with 
her personality and ability to col-
laborate with other researchers, her 
future looks very bright. “Bhavya is 
a focused, resilient, and great scien-
tist,” said Matousek. Schulz agrees, 
“Bhavya is focusing on important 
challenges and is motivated to see 
them through,” he said. “I look for-
ward to seeing the amazing discover-
ies coming out of her lab for a long 
time to come.” 
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A Novel Method for the Fast, Sensitive, and Simple 
Analysis of Total Fluorine in Wastewater
Siqi Sun, PhD, Analytik Jena

Analytik Jena US
100 Cummings Center, Suite 234-N 

Beverly, MA 01915
Website: www.analytik-jena.com

Per- and polyfluoroalkyl substances (PFAS) are a large
class of synthetic chemicals that present numerous 

analytical challenges, including their widespread 
presence in a variety of environmental samples. In the 
US, PFAS may contaminate public drinking-water systems 
that serve an estimated 19 million people. The U. S. 
Environmental Protection Agency (EPA) is continuing to 
aggressively implement their PFAS Action Plan—the most 
comprehensive cross-agency plan ever to address an 
emerging chemical of concern. The EPA has established 
a non-enforceable health advisory level of 70 parts per 
trillion (ppt) for the sum of pentadecafluorooctanoic acid 
(PFOA) and heptadecafluorooctanesulfonic acid (PFOS) 
for drinking water. The EPA is developing a potential rapid 
screening tool to identify total PFAS presence and absence 
in 2021. This eventual standard operating procedure will 
be used to quantify total organic florine (TOF).

Therefore, a sensitive, fast, and simple TOF detection 
method is needed for environment pollution monitoring 
and control. The method is based on a combination of sol-
id-phase extraction (SPE) with high-resolution–continuum 
source graphite furnace molecular absorption spectrometry 
(HR-CS GF MAS). In another Application Note, “Determina-
tion of Extractable Organically Bound Fluorine (EOF) in Sur-
face Water”, the solid phase extraction (SPE) procedure has 
been fully discussed for the extraction of fluorinated com-
pounds. HR-CS GF MAS was used to detect total fluorine 
via in-situ formation of gallium(I) fluoride (GaF) molecules.  
In this study, we focus on improving the performance of to-
tal florine (TF) analysis in wastewater by optimizing HR-CS 
GF MAS method and applying novel calibration strategies.
Challenge: A simple, fast, and sensitive detection of total 
fluorine in wastewater.
Solution: With regard to the determination of a sum pa-
rameter of fluorinated compounds, a species-unspecific 
response of high-resolution continuum source graphite fur-
nace molecular absorption spectrometry (HR-CS GF MAS) 
was developed.

Method Development Strategy
For the quantification of fluorinated organic compounds 
as a sum parameter, a species-unspecific response 
for HR-CS GF MAS method needs to be developed  

and optimized. From our past research, gallium has proven 
to enable the most sensitive fluorine detection via diatom-
ic GaF formation. The characteristic molecular absorption 
of the GaF is then detected by HR-CS-GF MAS. To achieve 
the best signal, the furnace tube was conditioned with the 
molecule forming agent (Ga) and modifiers (Pd/Mg/Zr/Ba)  
before the sample was injected. From the literature, it’s 
known that melting point/vapor pressure of the fluori-
nated compounds significantly impacts the recovery rates 
of the different compounds. Thus, the drying and pyroly-
sis procedure in the furnace program were optimized to 
keep possible losses of fluorinated compounds as low as 
possible. To evaluate the optimization approach, 24 differ-
ent fluorine compounds were mixed for the QC sample.  
These 24 compounds were selected with different num-
bers of fluorine atoms and boiling points. Calibration strat-
egies were developed to obtain the best recovery rate for 
this QC sample.

Conclusion
In this study, a fast, easy, and sensitive complementary meth-
od for total fluorine analysis in wastewater is presented.  
This study shows that the MAS method can be successful-
ly applied using the contrAA 800 G for the measurements.  
The optimized furnace program and calibration strategy 
provide high sample throughput, sensitivity, and accu-
racy. Only 3.5 min/replicate is needed for each sample.  
A 100% recovery rate of QC sample is successfully 
achieved with an inorganic and organic mixture calibra-
tion strategy. The lowest LOD of 4 ppb is also achieved 
using the inorganic and organic mixture calibration strat-
egy. The results of fluorine determination by HR-CS-GF 
MAS show good reproducibility and long-term stability. 
Sample dilution and spiking can be easily achieved with 
an AS-GF autosampler. No additional cleaning steps are 
required for this method.

http://www.analytik-jena.com
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Optical phase-locking is a common technique for 
transferring the frequency and phase characteristics 

of one laser beam to another. It is commonly used in 
heterodyne metrology, free-space optical communications, 
and spectroscopic applications. In this technical note we 
discuss the implementation of offset phase locking using 
a digital phasemeter and characterize the stability of phase 
locking two lasers.

Optical Offset Phase Locking 
To put it simply, offset phase locking stabilizes phase 
difference between two lasers. This is done by a relatively 
simple process combining the outputs of the two lasers  
(via a beamsplitter or similar) and illuminating a photodetector 
with the combined beam. The combined power on the 
photodetector PPD can be described by:

PPD = cos ((ω1 – ω2)t + ø1 – ø2)
   + higher order terms

Where ω1 and ω2 denote the frequency, and ϕ1 and ϕ2 
denote the phase of each laser. Note that the high order 
terms are generally outside the bandwidth of the photo-
detectors. It is important to recognize that even though 
the beat note contains phase information of the lasers, 
this information is contained in the argument of the sig-
nal and is relatively difficult to use in feedback systems in  
this form. To extract the phase from the beat note we use a  
phase detector.

Moku:Pro Phasemeter
Although a mixer and low pass filter are adequate for 
most offset phase locking system, they are not without 
their limitations. For one, the range of the mixer-filter 
combination is limited to ±π/2, and the phase output 
from the system is linear only when very close to zero.  
These range and linearity issues often make it difficult 
to deal with systems with large fluctuations. Moku:Pro 
Phasemeter uses phase-locked loops (PLL) as the phase 
detectors, and provides automatic phase unwrap function 
to extend the linear dynamic range of a standard mixer-
type phase detector. The PLL can assist in initial lock 
acquisition, removal of non-linear affects (such as cycle 
slipping), and ensure a more robust lock.

Experimental Setup
We demonstrated Moku:Pro’s Phasemeter offset phase locking 
architecture using two nonplanar ring oscillators (NPRO) lasers. 
The beams of the master and slave lasers were combined by 
a beamsplitter and interfered at a photodiode as shown in 
Figure 1. The beat note was connected to Moku:Pro’s input 
1. The feedback signal was then connected to the frequency 
controller of the following laser.

Lock Performance
To evaluate the phase stability of the lock, an additional 
Moku:Lab Phasemeter was connected to the photodetector 
to capture the frequency and phase drift as a function of 
time. Taking the amplitude spectral density of the frequency,  
we see that an improvement in the stability of over 4 orders of 
magnitude was measured, with relative frequency stability of 1 
Hz/√Hz measured down to 0.1 Hz.

Questions?
support@liquidinstruments.com

Laser Frequency Offset Locking
Liquid Instruments

Moku: Pro

Reference laser

Following laser

Photodetector

Moku: Lab

Beam
splitter

Figure 1: Instrument setup for offset locking.

Liquid Instruments
740 Lomas Santa Fe Dr Ste 102, Solana Beach, CA 92075

Tel. (619) 332-6230
Website: www.liquidinstruments.com
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Tribology—the study of friction, wear, and lubrication—
is important in mechanical, electromechanical,  

and biological systems. Changes in materials because 
of abrasion, friction, lubrication, erosion, and corrosion 
result in failures of the moving components during use.  
These effects are usually minimized by careful surface finish 
design and lubrication. Recycling and refinishing surfaces 
can extend the lifetimes of components. By examining 
worn surfaces, better methods can be developed to 
prevent wear. This application note uses infrared (IR) 
spectroscopy to study tribology changes in steel.

Experimental
The sample investigated was 28 mm in diameter by 8 
mm thick with a carbon-based coating. The sample was 
lubricated, tested, and then cleaned with n-heptane, 
leaving chemisorbed species in the wear scratches on  
the surface.

The spectra of the disc were measured on an FT-IR 
spectrometer equipped with the Harrick VideoMVP™ 
(see Figure 1). The background spectrum was collected 
from the clean ATR crystal. Then the sample was placed, 
face down, on the diamond crystal and positioned over 
the area of interest using the image on the display.  
The pressure applicator was lowered to apply ~240 
N of force to compress the sample against the crystal.  
The spectrum and image were then recorded. All spectra 

were collected from 4000 to 400 cm-1 using 32 scans at 
8 cm-1 resolution. 

Results and Discussion
Figure 2 shows spectra measured from a section with wear 
scratches in comparison to a shiny smooth section, along 
with photographs of the areas of each sample that were 
examined. The infrared spectrum of the wear scratches 
show a weak broad band in the –OH stretching region 
and additional bands at 1450 cm-1, 1165 cm-1, 943 cm-1, 
and 605 cm-1, all of which are not present in the unworn 
section. This indicates that a residue from the lubricant 
or chemisorbed species remains in the worn area. 
More detailed analysis could be used to identify the 
chemisorbed species. 

Conclusion
The results presented here clearly show that dia-
mond ATR can be used to examine tribology materials.  
The viewing capabilities and small sampling area of the 
VideoMVP allow for inspection of the wear scratches in 
comparison to the unworn areas.

A Diamond ATR Study of Worn Surfaces on Metal
Susan Berets,  Harrick Scientific Products, Inc.
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Figure 2: ATR spectra and photographs of an unworn area 
(red) and a worn area (blue) of a flat metal part.

Harrick Scientific Products, Inc.
141 Tompkins Ave., Pleasantville, NY 10571

tel. (914) 747-7202, fax (914) 747-7409
Website: www.harricksci.comFigure 1: The VideoMVP™ Diamond ATR.
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Mid-Infrared QCL Dual-Comb Spectroscopy:  
From Non-Repetitive Protein Dynamics to Stopped- 
Flow Applications with Microsecond Time Resolutions
Florian Eigenmann and Markus Mangold, IRsweep

Spectroscopic reaction monitoring is a proven tool in R&D 
and production environments, where it is used to gain 

insight into chemical reaction kinetics. In this application note, 
we showcase how dual-comb spectroscopy (DCS) can be 
used to monitor protein dynamics on microsecond to second 
time-scales. Kinetics of irreversible protein reactions require an 
analytical technique that provides time-dependent infrared 
spectra in a single shot. First results have been validated with 
the recording of transients of the photoactivated proton pump 
bacteriorhodopsin with DCS and StepScan FT-IR (1).

Non-repetitive reactions with microsecond time resolution
Fourier transform infrared spectroscopy (FT-IR) with time 
resolutions faster than 10 ms is only possible with proteins, 
where the reactions can be repeated thousands of times. 
Many relevant protein reactions are non-repetitive. In many 
cases reactions can be induced by caged compounds (2). 
As an example, we investigate the inhibiting Gi protein and 
the larger protein–protein complex of Gαi with its cognate 
regulator of G-protein signaling (RGS). With DCS, we observe 
good data quality with 4 µs time resolution, three orders of 
magnitude faster than any FT-IR measurements. 

Stopped-flow applications coupled with mid-IR 
spectroscopy—more than the sum of its parts!
Additionally, DCS can be used to monitor fast kinetic re-
actions in combination with the stopped-flow technique.  
Mid-IR stopped flow was so far limited to timescales of  
RapidScan FT-IR on the order of 100 ms. The combination 
with DCS paves the way to new research possibilities for ki-
netic studies in the microsecond time regime. Simply speak-

ing, it works by rapidly mixing reagents before a spectro-
scopic cell, as depicted in Figure 2.

For these applications, we partnered with TgK Scientific and 
BioLogic SA. It connects via an umbilical to a spectroscopic cell 
with CaF2 windows and a path-length of 100 µm

The hydrolysis of methyl chloroacetate (MCA) is often carried 
out as a test for stopped flow systems and typically hydroxide 
concentrations of 0.1 M or less are used.

Cl Cl

O

O

O

O-
CH3 CH3OH

OH-

+

The results of a single shot of the hydrolysis reaction are 
shown in the Figure 3. Excellent signal to noise ratios are seen 
throughout the spectra and despite the low intensity of the 
MCA band, it can be fitted well with a monoexponential decay. 
A lifetime of 53 ms is found for this process at room temperature.

High resolution dual-comb spectroscopy with QCLs
Optical frequency comb spectroscopy has further proven a 
very useful tool for high resolution molecular spectroscopy 
of gaseous samples. Frequency combs based on quantum 

Reagent 1

Reagent 2

Spectroscopy

Mixer
Products

Figure 2: Scheme of stopped-flow application with in situ 
spectroscopy.
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Figure 1:  (A) IR cuvette with photo-sensitive paper, exposed to 
the QC laser beam (burned point in the middle). (B) Contour-
plot of the changes obtained from dual-comb spectroscopy.
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cascade lasers (QCL) offer the possibility to easily explore the 
mid-infrared spectral range (4–12 µm) but suffer from very large 
repetition frequencies (~10 GHz) which make them seemingly 
unsuitable for high resolution spectroscopy.

We have developed techniques to overcome this limitation, 
which we call the rapid-sweep (3) and step-sweep (4) tech-
nologies. In rapid-sweep, full spectra can be measured in only  
6 ms by simultaneously sweeping both frequency combs.  
The step-sweep technique guarantees a very accurate knowl-
edge of the frequency axis in a record time of several min.

Both techniques have been applied to the measurement 
of absorption spectra of gases with narrow absorption lines at 
high resolution and sensitivity. The measured spectra cover a 
range of more than 60 cm-1 and the narrowest observed lines 
have a full width at half maximum of 15 MHz (0.0005 cm-1).  
The broadband coverage is useful for the analysis of complex 
gas mixtures. The low measurement noise makes the tech-
nique the ideal tool for studying gas concentration in environ-
mental or industrial applications (Figure 4).

References
(1) https://doi.org/10.1021/acs.analchem.8b02531.

(2) https://doi.org/10.1021/acs.analchem.1c00666.

(3) https://doi.org/10.1364/OE.379790

(4) Quantum cascade laser dual-comb spectroscopy (DCS) for methane 

gas mixture studies (spiedigitallibrary.org)
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Figure 4: Spectrum of methane with a spectral resolution of 
below 0.001 cm-1 recorded with the step-sweep technique. 
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Raman spectroscopy monitors the kinetics and 
reaction completion of adhesive curing. 

Epoxy resins are distinguished by durability, strong 
adhesion, chemical resistance, and other specialized 

properties, which are contingent upon proper mixing.  
In this application note, we monitor the curing process 
for a consumer-grade, two-part epoxy.

Experimental Setup
Devcon® 15 Minute Epoxy is comprised of bisphenol  
A diglycidyl ether resin and a polymercaptan/polyamine 
mixture. To monitor the curing process, we used an 
Ocean Insight QE Pro-Raman+ spectrometer with a 
300 mW, 785 nm laser and a Raman probe suspended 
at a fixed distance over the epoxy. Signals were 
acquired immediately upon mixing and in 2–3 min  
intervals thereafter. 

Two samples of different proportions of resin and 
hardener were mixed, at the recommended ratio of 1:1 
and at a 2:1 hardener-to-resin mixture, then monitored. 
The analytical focus was on the mixture’s epoxide and 
thiol features, which diminish upon curing.

Results
Raman bands corresponding to epoxide vibrational 
frequencies have been reported (1), with 1254 cm-1 
assigned to be the breathing mode of the epoxide ring 
(Figure 1). The intensity of this peak is linearly dependent on 
the concentration of epoxide groups in the resin mixture; 
its change over time is interpreted as consumption of the 
free epoxide groups during epoxy vitrification.

Summary
Raman spectroscopy is useful in monitoring epoxy curing 
processes in real time and can be extended to other 
types of reactive processes.

Reference
(1) V. Křesálek, and H. Vašková, “Raman spectroscopy of epoxy resin 

crosslinking,” Recent Researches in Automatic Control, Confer-

ence Paper, May 2011.

Raman Spectroscopy for Reaction Monitoring
Amy J. Ray Bauer, PhD, Ocean Insight
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Figure 1: Raman analysis of Devcon® 15 Minute Epoxy mixture, as a function of cure times (min).
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Here we explore the benefits of using a variable 
angle attenuated total reflection (ATR) accessory 
to generate the most informative spectral data. 
Example spectra of toluene are shown. 

The appearance of an ATR spectrum is influenced by 
several variables including the refractive index of the ATR 

crystal (n1) and sample (n2), the number of internal reflections, 
the quality of contact between the sample and the angle of 
incidence (AOI) of the infrared (IR) beam. Having the flexibility 
to change some parameters, specifically the AOI and ATR 
crystal type, allows optimization of spectral data to obtain the 
most useful information for the application. 

Materials and Methods
Mid-infrared spectra of toluene were collected using the 
variable angle, multiple reflection ARTMax II accessory  
(PIKE Technologies) configured with an AMTIR trough plate. 
With the ATRMax II, the AOI may be adjusted by turning 
the center mirror assembly position dial, where the resulting 
effective AOI is a function of the face angle of the AMTIR crystal 
and the accessory position dial setting. For data presented, 
the face angle of the AMTIR crystal was 45o. Spectra were 
collected at several AOI values. 30 s of data were co-added for 
each measurement at a resolution of 4 cm-1.

Results
Most single reflection and multiple reflection ATR accessories 
have a fixed nominal AOI of 45o. When using these accessories 
to measure samples with a refractive index of roughly 1.5, the 
depth of penetration (dp) is about 2 microns at 1000 cm-1 for a 
diamond or ZnSe ATR element and 0.6 microns for a Ge ATR 
element. dp decreases at shorter wavelengths and increases at 
longer wavelengths.

For total internal reflection to occur, the AOI must be greater 
than the critical angle (θc), which is defined as θc = sin-1 (n2 /n1 )

θc 

. dp 
decreases with increasing AOI while dp increases exponentially 
as the angle of incidence nears the θc. By probing deeper into 
the sample—making measurements closer θc —the magnitude 
of the absorbance bands increases significantly. By using a 
variable angle ATR accessory such as the PIKE Technologies’ 
VeeMAX III single reflection or the multiple reflection ATRMax 
II, the absorbance band strength may be optimized to provide 

maximum chemical information by easily changing the AOI, 
whether the application requires probing more deeply into 
the sample by making measurements closer to θc or probing 
closer to the surface at grazing AOI.

Unlike a variable angle, single reflection ATR where only the 
dp is changing with varying the AOI, the number of reflections 
in addition to the dp is changing when using a variable angle, 
multiple reflection accessory. Figure 1 shows toluene spectra 
collected at 43o and 50o effective AOI where the number of 
reflections on the sample is 7 and 5, respectively. The spectrum 
collected at 43o shows absorbance bands over 50% greater 
than the spectrum collected at 50o. Therefore, the increase 
in absorbance band strength is because of two contributing 
factors, increased dp and the number of reflections. In addition, 
changing the ATR crystal material provides added flexibility to 
accommodate various ATR probing depths into the sample.

Conclusion
Variable angle ATR accessories can optimize spectral data for 
a given application. By simply changing the angle of incidence, 
it is possible to probe more shallow or deeper into the sample, 
as needed.

Optimizing Spectral Data Using a Variable Angle ATR
Jenni L. Briggs, PhD, PIKE Technologies
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In a demonstration of the new cryoRaman low-
temperature Raman microscope’s capabilities,  
a tungsten diselenide flake on Si/SiO2 was investigated 
and its numbers of layers were determined. 

Interest in Raman microscopy at cryogenic temperatures has 
been increasing across a range of scientific fields over the past 

two decades. Though initially the primary driver of applications 
was the carbon nanotubes and graphene community, a recent 
surge in the number of published cryogenic Raman studies is 
dominated by research on transition metal dichalcogenides 
and van der Waals heterostructures. 

To meet both existing and evolving market requirements, 
cryoRaman was jointly developed by cryogenic specialists 
attocube systems and Raman microscope developer 
WITec GmbH. It offers excitation wavelengths from vis to 
NIR with optimized spectrometers, 1.6 to 300 K operating 
temperatures, high magnetic fields, unique cryogenically 
compatible Raman-specific objectives, and an exceptionally 
precise piezoelectric scan stage.

In the following demonstration, cryoRaman was used 
to investigate a WSe2 flake on Si/SiO2, characterize its 
numbers of layers, and to establish the system’s sub-400 nm  
lateral resolution (1).

Experimental Conditions
To measure the tungsten diselenide flake, a 532 nm laser was 
used for excitation, and a RayShield coupler allowed detection 
of Raman bands down to ~±10 1/cm. The experimental 
setup also included a UHTS300 spectrometer optimized for 
detection in the visible range with an 1800 g/mm grating and 
a back-illuminated CCD camera.

The cryostat cooled the sample to 120 K. An LT-APO 
532-RAMAN objective with a numerical aperture of 0.82 and 
piezoelectric positioners controlled through the Control Five 
software were used. The acquired data set was evaluated with 
the Project Plus software package. 

Results
Images of the tungsten diselenide that show different numbers 
of layers were acquired and combined in the false color image 
shown in Figure 1a. It is color-coded according to the Raman 
spectra shown in Figure 1b. The image is 30 × 30 µm² in size 

with 400 × 400 pixels and was created with an integration time 
of 150 ms per spectrum. A zoomed-in image (Figure 1c) shows 
the low-wavenumber area with the most prominent peaks for 
the double and triple layers as labelled. 

Conclusions
The cryoRaman microscopy system offers researchers a 
fast, user-friendly and versatile tool for examining transition 
metal dichalcogenide samples and determining their 
numbers of layers at very low temperatures. Its sub-400 nm 
lateral resolution together with low-wavenumber detection,  
high magnetic fields, and polarization control all make it 
unique in the marketplace. These capabilities will be of great 
use as research on 2D materials and TMDs continues.

Reference
(1) Extracted from the white paper: Cutting-edge Cryogenic Raman 

Microscope. https://www.witec.de/assets/Literature/Files/AppNote-

cryoRaman.pdf

Cryogenic Raman Imaging of a Tungsten Diselenide Flake
Thomas Dieing*, Patrick Altmann†, Jan Englert*, Damon Strom*, and Mirko Bacani†, *WITec, †attocube systems AG
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Figure 1: Confocal Raman image of WSe2 of various layer 
numbers at 120K. (a) Combined false-color image showing the 
location of the different numbers of layers. (b) Raman spectra 
of the layers in the corresponding colors and (c) zoom-in of the 
spectra around the Rayleigh peak.
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VENDOR TIPS & TRICKS

Cartesian Geometry EDXRF for Trace Analysis and 
Measurement of Complex Elemental Composition

Applied Rigaku Technologies, Inc.

Measuring trace element concentrations and 

complex elemental composition are essential in 

environmental, recycling, and industrial process 

control applications. For instance, compliance 

with regulatory norms is needed to confirm that 

heavy metals are below acceptable levels, reclaim 

valuable precious metals catalysts, and ensure 

the highest quality control in manufacturing. 

Energy dispersive X-ray fluorescence (EDXRF) is 

a simple and powerful technique for the analysis 

of elemental composition. A tip to meet the 

challenges of trace analyses and measurement 

of complex elemental composition is the use 

of Cartesian Geometry EDXRF. Rigaku NEX 

CG II EDXRF benchtop analyzer brings the 

latest innovations with Cartesian Geometry  

indirect excitation.

What is Cartesian Geometry EDXRF?
Cartesian Geometry is indirect excitation where 

the X-ray tube, secondary targets, sample, 

and detector are positioned at 90° angles. 

Secondary targets are used in the excitation 

beam path instead of traditional tube filters used 

in direct excitation XRF. The X-ray tube does not 

irradiate the sample directly but first beams off 

a secondary target, which is a metal or a carbon 

crystal. This allows for several advantages. 

When the source X-rays from the tube first 

irradiate a secondary target, the Bremsstrahlung 

background X-rays are essentially eliminated 

and replaced by the fluorescence of the target, 

creating monochromatic excitation with little 

or no background X-rays scattering to the 

detector. In the case of a carbon crystal as the 

secondary target, polarization is achieved when 

in the 90° angle, further reducing background for 

measuring the low energy light elements sodium  

through chlorine.

Innovation in EDXRF combines the Cartesian 

Geometry indirect excitation with updated 

electronics and a wide area high-performance 

silicon drift detector (SDD). The SDD EDXRF 

detector collects X-rays simultaneously and gives 

high count rate throughput with sharp resolution, 

or peak width, thus minimizing the need for 

element peak overlap corrections. Combined, 

the optics of Cartesian Geometry yield very low or 

no background and high X-ray intensity collection 

of net characteristic X-rays from each element 

without the detector throughput being filled 

with background X-rays. This allows for very low 

detection limits and the measurement of samples 

containing many elements.

Applications
Cartesian Geometry EDXRF is advantageous 

for analyzing many types of trace and complex 

applications. A shortlist follows here:

• Consumer goods, plastics and polymers, 

RoHS compliance, and manufacturing quality 

control of additives in polymers

• Agricultural soils and plant materials

• Measuring ultra-low sulfur and metals in 

petroleum fuels such as diesel and gasoline 

for ASTM, U.S. EPA compliance, and other 

international testing norms

• Trace particulate matter in air filters for air 

quality monitoring

• Reclaim precious catalysts, including refining 

catalysts in the petrochemical industry and 

automotive catalysts in used catalytic converters

Figure 1 shows the measurement of low or trace 

platinum (Pt) in recycled automotive catalysts. 

Cartesian Geometry provides flat background 

and well-resolved peaks for the measurement of 

Pt in the presence of the other matrix elements 

from the converter honeycomb core, which 

include Al, Si, Ti, Fe, Ni, Cu, Zn, Pb, Rb, Sr, Y, Zr, 

Ba, La, Ce, Pr, and the other catalysts Pd and Rh.

Conclusion
Cartesian Geometry EDXRF is ideal for measuring 

ultra-low and trace element concentrations. 

It excels in complex applications with trace 

elements and variable base matrices, such as 

testing agricultural soils and plant materials, 

analyzing finished animal feeds, measuring waste 

oils, environmental monitoring, and many others.
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FIGURE 1: Cartesian Geometry spectrum of middle energies showing 
measurement of trace platinum catalyst in recycled automotive catalytic 
converter powder.
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Raman Spectrometers
Kaiser’s Raman Rxn 
analyzer is designed 
with Raman RunTime-
embedded control soft-
ware. According to the 
company, the analyzer 
can communicate with 
external systems using 
standard automation pro-
tocols, providing compa-
nies with chemical composition measurements with secure 
24/7 connectivity, which can process data via a user-
friendly touchscreen or through a remote interface.
 Endress+Hauser, Greenwood, IN. www.us.endress.com 

D-Torch for ICP Applications
Glass Expansion’s 
D-Torch features a 
demountable quartz 
outer tube, interchange-
able injectors, and an 
optional ceramic outer 
tube suitable for the 
Thermo Pro ICP-OES. 
According to the com-
pany, the D-Torch offers 
laboratories flexibility 
because it has a range of 
options to fit any ICP application. 
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