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Note from the CEO
Mike Hennessy, Jr. 
President & CEO, MJH Life Sciences®

P art of the joy of publishing this journal is having the op-

portunity to share new developments about how spectros-

copy techniques can be harnessed for a wide range of uses,  

from fundamental research to routine assays. In this month’s issue, 

we highlight three applications that illustrate this breadth.

First, we present peer-reviewed research on the use of time-

solved fluorescence spectroscopy to study a fascinating area 

of fundamental science: how cyanobacteria process energy.  

Phycobilisomes (PBSs) are the largest light-harvesting complexes 

in cyanobacteria. Curiosity-driven research has led to the discov-

ery of the intricate structural and functional organization of a PBS 

and its relationship with high energy transfer efficiency, which can 

reach 95%. However, the structure-modulated mechanism of en-

ergy transfer in PBSs has not been fully elucidated, and the energy 

transfer dynamics are still unclear. In this work, time-resolved fluo-

rescence spectroscopy with sub-picosecond resolution enabled a 

study of the energy transfer paths, energy transfer time constants, 

and energy transfer dynamics in a complete PBS of a thermophilic 

cyanobacterium. The findings are the cover story of this April issue.

Focusing on the urgent concern of climate change, in “Lasers  

and Optics Interface,” Steve Buckley examines the range of tech-

niques that can assist in the challenging analysis of methane.  

Controlling CH4 is one of the highest-impact ways to reduce 

climate impacts, so its accurate measurement is essential.  

Cavity ringdown spectroscopy  (CRDS), tunable diode laser ab-

sorption spectroscopy (TDLAS), and Fourier-transform infrared  

(FT-IR) spectroscopy are particularly valuable tools in this important 

fight, offering capabilities for mobile and fenceline monitoring and  

remote measurements.

Our third application-focused article this month focuses on the 

routine but essential measurement of metals in foods using induc-

tively coupled plasma–optical emission spectroscopy (ICP-OES) 

and ICP–mass spectrometry (ICP-MS). Looking at the analysis of 

popular snack foods, the article examines the benefits of software 

tools to facilitate these analyses.

As always, this issue also provides helpful advice for practic-

ing chemists. In a tutorial, Jürgen Popp, Thomas Bocklitz, and col-

leagues explain seven mistakes often made in the analysis of  Raman 

spectra that can lead to overestimating the performance of a model. 

And in “Focus on Quality,” Bob McDowell explains the differences 

between ALCOA, ALCOA+, and ALCOA++, so that you don’t have 

to parse it out on your own.

We hope you enjoy this month’s issue. Happy reading!
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From the Editors
A Teachable Moment: “H-Classic Papers in Atomic Spectroscopy”

In the November  2021 issue of Spectroscopy, we published a review paper titled “H-Classic Papers in Atomic Spec-
troscopy: An Integrative Literature Review” (1). This paper caused quite a bit of concern in the atomic spectroscopy 
community, and understandably so.
In the work, the authors, who are faculty in a computer science department at a university outside the United States, 

presented a list of 64 papers that fit, according to the research criteria, the definition of “H-Classic” papers—highly cited 
papers that made key contributions to the field. When expert members of the atomic spectroscopy community read the 
paper, however, they found that many seminal works by icons in the field were missing. Several wrote to us, and we have 
published one comprehensive letter in this issue, from Mike Blades (page 10), along with a response from the authors.

The problem, which everyone quickly realized, resulted from a combination of two factors. First, the results were 
based on the use of a very limited search term, atomic spectroscopy, and second, the authors are computer scientists 
who did not realize the gaps because of their lack of familiarity with field of atomic spectroscopy.

The authors searched the Web of Science (WoS) for the years from 1968 to 2015 using the search term atomic spec-
troscopy. Their query identified 1214 papers in English, which were then sorted in descending order based on their 
respective citation counts. The H-Index, for the available data set, was found to be 64, and correspondingly, the first 
64 articles were classified as the highly cited papers based on the H-Classic definition. 

As the experts who wrote to us pointed out, it is very uncommon, especially in the older literature, for papers 
in the field to use the phrase atomic spectroscopy in the title or abstract; they might refer instead to a term such 
as atomic emission spectroscopy, inductively coupled plasma–optical emission spectroscopy (ICP-OES), or ICP–mass  
spectrometry (ICP-MS).

Thus, the teachable moment. We can all easily imagine that any undergraduate student or skilled librarian could 
similarly misunderstand the essential keywords needed to identify a comprehensive set of critical papers in any given 
field. Something similar could happen in molecular spectroscopy if one used search terms like Raman spectroscopy,  
visible spectroscopy, or infrared spectroscopy. This situation serves as a reminder to all who conduct any sort of literature 
search and as valuable lesson to teach students. For this purpose, we have published a resource article on our website 
entitled, “Literature Searches: A Guide to Getting it Right”(2).

For our part, we also learned an important lesson. We recognize, as an editorial staff, that review articles like this one should 
be reviewed by experts in the specific field in question. To set the record straight, this paper was not reviewed by any members 
of our editorial advisory board (EAB). We pledge to seek this expertise in future general topic reviews. Given the volume of 
papers we are currently handling in peer review, and the range of subject areas addressed in them, which include specialized 
applications in areas like material science, physics, clinical applications, astrobiology, we will often need to reach beyond our EAB. 
But we will certainly seek the advice of truly expert 
reviewers, and will also invite our EAB to weigh in. 

We thank those who wrote to us and spoke 
with us about this topic. We appreciate your 
passion for science and for getting things right, 
which we wholeheartedly embrace. 

References
(1) M.R. Rafiq and S.M. Sait, Spectroscopy, 36(11), 

28–34,40 (2021). https://www.spectroscopyon-
line.com/view/h-classic-papers-in-atomic-spec-
troscopy-an-integrative-literature-review

(2) J. Workman, “Literature Searches: A Guide to 
Getting it Right,” Spectroscopy; online only.  
https://www.spectroscopyonline.com/view/
literature-searches-a-guide-to-getting-it-right
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Letters to the Editor

To the Editor:
I write in response to the paper by Muhammad 

Rahil Rafiq and Sadiq M. Sait, “H-Classic Papers in 

Atomic Spectroscopy: An Integrative Literature 

Review,” published in the November 2021 issue of 

Spectroscopy (1). Rafiq is an engineer and Sait is a pro-

fessor, both in the Center for Communications and IT 

Research at King Fahd University of Petroleum and 

Minerals in Dhahran, Saudi Arabia. 

The paper is intended to provide insights into the 

key papers and researchers that have influenced the 

field of analytical atomic spectroscopy. As someone 

who worked in the field of atomic spectroscopy as a 

graduate student, postdoctoral fellow, and univer-

sity researcher for about 30 years (from 1976 to 2005),  

I was keen to read the review. Unfortunately, I was 

quite disappointed. The publication is badly flawed 

as a result of a lack of knowledge about the history, 

evolution, and current state of the field. The prob-

lem is that the authors are computer engineers with 

no real knowledge of atomic spectroscopy. This was 

purely an academic exercise. 

For their study, the authors searched the Web of 

Science (WoS) in April 2020, using the search term 

atomic spectroscopy (referred to as a topic search, 

or “TS”). The search query resulted in 1214 articles.  

The small number of documents was the first indication 

that something was amiss. An author search for only 

two of the most well-known and cited researchers in 

analytical atomic spectroscopy, Gary Hieftje and Jim 

Winefordner, yields 615 and 746 articles, respectively, 

for a total of 1361 articles. The fact that the list that 

didn’t include Hieftje, only named Winefordner as 45th, 

and omitted hundreds of other “household names” 

who have contributed to the atomic spectroscopy 

literature, also raises concerns about the methodol-

ogy. These omissions were obvious to me because I 

am quite familiar with the field of atomic spectroscopy. 

The core problem with the methodology is that 

atomic spectroscopy is a blanket term that includes 

many subdisciplines, such as atomic emission spec-

troscopy, atomic absorption spectroscopy, atomic 

fluorescence spectroscopy, inductively coupled 

plasma–mass spectrometry (ICP-MS), ICP-optical 

emission spectroscopy (ICP-OES), and laser-induced 

breakdown spectroscopy (LIBS). Other related tech-

niques include laser-based atomic spectroscopy for 

inorganic analysis such as laser-enhanced ionization, 

coherent forward-scattering spectrometry (CFS), reso-

nance-ionization spectroscopy and spectrometry, and 

X-ray fluorescence. In addition to these techniques, 

there are associated topics, such as sample introduc-

tion systems (such as nebulizers, spray chambers, and 

hydride generation), and data-analysis methods such 

as background correction and multivariate analysis. 

Scientists in the field also often use the term spectrom-

etry in addition to spectroscopy. Many authors identify 

the topic of their manuscript using the subdisciplines 

identified above rather than the blanket term atomic 

spectroscopy, so a search using that phrase would miss 

many important and relevant publications. 

To give some insight into the numbers of papers 

published in these subdisciplines, I have carried 

out a search in the WoS Core Collection for which  

“Science Citation Index–Expanded” is one of the in-

dexed sources. I limited my search to the period 1968 

to 2020, to match the search carried out in the paper 

under discussion. Table I below summarizes the results 

of this exercise. This search was no means exhaustive 

or comprehensive; it is presented simply to give some 

insight into the scope of papers published in atomic 

spectroscopy. The table shows that tens of thousands 

of atomic spectroscopy articles are missed in a search 

using only the search term atomic spectroscopy.

The authors also presented a table with the cap-

tion “H-classic papers in atomic spectrometry with 

their available impact factors (JCR).” The highest cited 

article in the table received 503 citations and the low-

est received 64. As a comparison, I searched for the 

number of citations for a sample set of 12 highly cited 

atomic spectroscopy papers published from 1968 to 

2020. The purpose here is to give an indication of 

some of the papers and authors that could be con-

sidered “citation leaders,” but did not appear in the 

authors’ table. This information is presented in Table 

II below. The least cited of these papers received 398 

citations. There are hundreds of papers that have re-

ceived in excess of 200 citations. 

As a small step toward setting the record straight, 

I would like to briefly name a few scientists who were 

innovators and leaders in analytical atomic spec-

troscopy over the past six decades—scientists who 

developed new instruments, methods, and applica-

tions, and defined and advanced the field: James D. 

Winefordner, Gary Hieftje, Chuni Chakrabarti, Ralph 

Sturgeon, Ramon Barnes, Paul Boumans, Leo de 

Galan, Klaus Dittrich, Michael Epstein, Jim Harnley,  

Heinz Falk, Wolfgang Frech, Keiichiro Fuwa, Jim 

Holcombe, Gordon Kirkbright, Alan Walsh, Boris 

L’vov, Gary Holick, Kay Nimax, Walter Slavin, Jose 

Broekaert, Igor Gornushkin. Detlef Gunther, Sam 

Houk, Velmer Fassel, Javier Laserna, Arne Bengtson, 

John Olesik, Vincenzo Palleschi, Rick Russo, Frank 

Vanhaecke, Benli Huang, Nicolo Omenetto, Marga-

retha de Loos-Vollebregt, Annemie Bogaerts, Nor-

bert Jakubowski, R. Kenneth Marcus, Don Douglas, 

and Scott Tanner. These are just a few whose contri-

butions to atomic spectroscopy have been seminal.

My concern is not only with the shortcomings of 

the specific search methodology used in the pub-

lished study. Because even if the authors’ search had 

used all the relevant terms to capture the breadth of 

the field, there would still be important limitations to 

trying to understand the significance of papers and 

authors using metrics alone. Even “ideal” metrics 

generally fall short. For example, are the most-cited 

papers necessarily the seminal papers that open 

and develop new lines of research and instrument  

and techniques? I would argue no.

In this context, it would be useful to have a cu-

rated compilation of the key papers in analytical 

atomic spectroscopy. Fortunately, just such a com-

pilation is being prepared, by George Chan, a re-

search scientist in the Laser Technologies Group at 

Lawrence Berkeley National Laboratory; Gary Hieftje, 

a professor emeritus from the Department of Chem-

istry at Indiana University, and Nicoló Omeneto, a 

research professor in the Department of Chemistry 

at the University of Florida. Starting three years ago,  

they consulted a large group of established scientists 

in the field of atomic spectroscopy and asked for a 

list of important papers published over the past 50 

years—on theory, historical developments, funda-

mental studies and characterization, instrumentation, 

spectrochemical techniques or tricks, common but 

H-Classic Papers in Atomic Spectroscopy
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often overlooked mistakes and experimental pre-

cautions, philosophy of spectrochemical analysis,  

and any other relevant topics. From those sugges-

tions, the project leads (Chan, Hieftje, and Omenetto) 

will compile a curated list of all the papers suggested, 

the individuals who suggested them, the suggested 

key points, and any additional background informa-

tion or anecdotes. The curated list will be published 

in the near future as a single review article. This paper 

is expected to be a definitive compilation of the most 

important, influential, and in some cases, most highly 

cited papers of the past half-century in the field of 

analytical atomic spectroscopy. As is required for such 

an endeavor, it will be assembled and curated by ex-

perts in analytical atomic spectroscopy.

To end, I applaud the authors of “H-Classic Pa-

pers in Atomic Spectroscopy: An Integrative Litera-

ture Review” for attempting to shine a spotlight on 

an important field of endeavor. However, I would ask 

that, if they are considering future efforts of this kind,  

they consult with established scientists and experts in 

the field to understand the full picture before publish-

ing a similar review.

Michael W. Blades, Professor Emeritus

Editor, Applied Spectroscopy

Department of Chemistry

The University of British Columbia

Vancouver, BC, Canada

Reference
(1) R. Rafiq and S.M. Sait, Spectroscopy, 36(11), 

28–34,40 (2021).

The Authors Respond
Our paper, “H-Classic Papers in Atomic Spectroscopy: 

An Integrative Literature Review,” focuses only on a set 

of papers (data harvested in April 2020) for analysis or 

review that fit our criteria of “H-Classics.” The selection 

criteria are elaborated in Section 2.3 of the manuscript. 

Other details about the selection of document types, 

topics (ts) which include titles, abstract, keywords,  

and so forth, are also discussed in the manuscript. 

The main concern raised by Dr. Blades and other 

readers regards papers missing from the data set 

produced by our search terms. The reason for this 

is that the keywords we used for our search string 

focused only on atomic spectroscopy. This approach 

led to excluding other keywords or terms such as 

atomic emission spectroscopy or atomic absorption 

spectroscopy and so forth. Therefore, we acknowl-

edge that the scope of our data set is very limited  

(because of the search string).

We would like to follow up with some discussion of 

issues related to how to develop a search string that 

can yield much more comprehensive results. 

As an example, if we would like to work on the 

literature of “cloud computing,” we might use 

a search query of “ts=cloud”. Such a search will 

also retrieve publications related to rain, storms,  

and precipitation, which are completely out of 

scope for the research domain we seek to cover.  

Therefore, content analysis and scrutiny is needed, 

related to the most significant (primary) keywords, 

in order to avoid bias. The expertise of subject-

TABLE I: Results of a brief search of the Web of Science (WoS) for papers pub-
lished in the period 1968 to 2020 that can be identified using various search terms.

Search phrase (TS = “”) # of Articles

Atomic Spectroscopy 1263

Atomic Absorption Spectroscopy 7252 

Atomic Absorption Spectrometry 25,861

Atomic Emission Spectroscopy 3774 

Atomic Emission Spectrometry 7823

Atomic Fluorescence Spectroscopy 275 

Atomic Fluorescence Spectrometry 2073 

Laser Induced Breakdown Spectroscopy or LIBS* 14347

Inductively Coupled Plasma Atomic Emission or ICP-OES 16,864 

Inductively Coupled Plasma Mass Spectrometry or ICP-MS 44,163 

All of the above, except “atomic spectroscopy” using “or” 
between the search phrases; for example, the “or” is used 
for a long search string including all search phrases.

112,865

* excluding “lithium-ion batteries”

stretch.
Fully-automated tuning at high resolution

2500 – 6900 cm-1

CW optical parametric oscillator

http://www.toptica.com
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matter domain experts is required to screen results 

by manual exclusion/inclusion to exclude or include 

relevant and irrelevant data.

In Web of Sciences (WOS), truncation, also called 

wildcard characters, can be used, at the beginning, 

middle, or end of words or phrases, and also with 

their combinations. Three main symbols (*, $, and ?)  

are used, as follows:

• The asterisk (*) is used for retrieving multiple char-

acters. It also matches zeroes and non-spaced 

characters. It can be used to find relevant keywords 

for prefixes, suffixes, and spelling variations. For ex-

ample, a search for star* will provide results that 

include both starch and starvation.

• The dollar symbol ($) is used for retrieving a single 

character with zero or one non-space character, 

variations, or plural forms. For example, a search 

for colo$r returns results that include both color 

and colour.

• The question mark (?) is used to retrieve a single 

(or repeated) character. For example, a search 

for organi?ation will provide results that in-

clude organization, organizations, organisations,  

and organisational.

In addition to the above, the Boolean operators 

OR, AND, and NOT are also available. 

With respect to the valuable comments from 

Dr. Blades, we completely agree with him that our 

query is by no means sufficient for an exhaustive 

or comprehensive search. We would like to grate-

fully acknowledge and thank him for his valuable 

insights, referring to more relevant keywords. 

However, including them in the search query still 

excludes many more papers related to atomic 

spectroscopy, examples of which are: photoacous-

tic spectroscopy, photoelectron spectroscopy,  

and photoemission spectroscopy. Therefore, the 

query given below could be used, followed by a 

manual scan which is essential, to have a more rel-

evant set of papers on atomic spectroscopy:

TS=”*Spectrosc*” or TS=”*Spectrome*”

This approach seems more likely to capture the 

major publications related to atomic spectroscopy to 

be adequately considered for a more comprehensive 

review. But, again, extracted data should be accessed 

by domain experts to ensure irrelevant documents 

are removed, and that all relevant documents have 

been captured—as Dr. Blades points out. That should 

lead to a more accurate coverage of the topic.

Lastly, considering the major limitation of any lit-

erature search, no precise query constitutes a com-

prehensive literature search in a broad discipline.  

Efforts can be made to draw a comprehensive picture 

with greater and essential representation of overall 

knowledge but still some documents might always 

be missing. 

Perhaps, the above recommended query may not 

be the perfect one, but using more truncations and 

Boolean operators, to include and exclude more rel-

evant keywords, will definitely help in better defining 

the scope of literature or data set. 

Dr. Sadiq M. Sait and Muhammad Rahil Rafiq

Center for Communications and IT Research

King Fahd University of Petroleum and Minerals 

Dhahran, Saudi Arabia

TABLE II: Example of 12 highly cited atomic spectroscopy papers published from 1968 to 2020.

Authors Article Title and Journal Citations

R.J. Porra,  
W.A. Thompson, and 
P.E. Kriedemann 

“Determination of Accurate Extinction Coefficients and Simultaneous Equations 
for Assaying Chlorophyll-A and Chlorophyll-B Extracted With 4 Different Solvents–
verification of the concentration of chlorophyll standards by atomic absorption 
spectroscopy,” Biochim. Biophys. Acta, Bioenerg. 975(3), 384–394 (1989).

4340

Y. Liu, Z. Hu, S. Gao, 
D. Guenther, J. Xu, C. 
Gao, and H. Chen 

“In situ Analysis of Major and Trace Elements of Anhydrous Minerals by LA-ICP-MS 
Without Applying an Internal Standard,” Chem. Geol. 257(1–2), 34–43 (2008). 2502

H.P. Longerich, S.E. 
Jackson, and D. Gunther 

“Laser Ablation Inductively Coupled Plasma Mass Spectrometric Transient Signal 
Data Acquisition and Analyte Concentration Calculation,” J. Anal. At. Spectrom. 
11(9), 899–904 (1996).

1186

Y.M. Han, P.X. Du, J.J. Cao, 
and E.S. Posmentier 

“Multivariate Analysis of Heavy Metal Contamination in Urban Dusts of Xi'an, 
Central China,” Sci. Total Environ. 355(1–3), 176–186 (2006). 937

D.W. Hahn and 
N. Omenetto

“Laser-Induced Breakdown Spectroscopy (LIBS), Part II: Review of Instrumen-
tal and Methodological Approaches to Material Analysis and Applications to 
Different Fields,” Appl. Spectrosc. 66(4), 34–419 (2012).

905

L.A. McDonnell  
and R.M.A Heeren

“Imaging Mass Spectrometry,” Mass Spectrom. Rev. 26(4), 606–643 (2007). 
Discusses atomic to macromolecular ion imaging. 761

D.R. Bandura, V.I. Baranov, 
and O.I. Ornatsky, et al.

“Mass Cytometry: Technique for Real Time Single Cell Multitarget Immunoas-
say Based on Inductively Coupled Plasma Time-of-Flight Mass Spectrometry,” 
Anal. Chem. 81(16), 6813–6822 (2009).

740

D.W. Hahn and 
N. Omenetto

“Laser-Induced Breakdown Spectroscopy (LIBS), Part I: Review of Basic Di-
agnostics and Plasma-Particle Interactions: Still-Challenging Issues Within the 
Analytical Plasma Community,” Appl. Spectrosc. 64(12), 335A–366A (2010).

646

R.S. Houk, V.A. Fassel, 
and G.D. Flesch, et al.

“Inductively Coupled Argon Plasma as an Ion-Source for Mass-Spectrometric 
Determination of Trace Elements,” Anal. Chem. 52(14), 2283–2289 (1980). 614

W. Grimm “New Glow Discharge Lamp for Optical Emission Spectral Analysis,” Spectro-
chim. Acta Part B 23(7), 443 (1968). 469

I. Adamovich, et al. “The 2017 Plasma Roadmap: Low Temperature Plasma Science and Technol-
ogy,” J. Phys. D: Appl. Phys. 50(32) 323001 (2017). 430

D.A. Rusak, B.C. Castle, B.W. 
Smith, and J.D. Winefordner 

“Fundamentals and Applications of Laser-Induced Breakdown Spectroscopy,” 
Crit. Rev. Anal. Chem. 27(4), 257–290 (1997). 398
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FOCUS ON QUALITY

Is Traceability the Glue for 
ALCOA, ALCOA+, or ALCOA++?

Confused from Quality Control (QC) 
writes, “Doctor, Doctor, give me the 
news! Originally, it was just ALCOA 
criteria for data integrity, then a plus 
was added, but now its ALCOA++.  
What should I do? Help me please!”   

R D McDowall

Well, Confused, the good 
news is that the doctor is in 
and can help you unravel the 

delights and joys of ALCOA and its two off-
spring. We will trace the terminology from 
its inception in the last century and follow 
its evolution through two iterations from the 
original five criteria to 10 with ALCOA++. 

What do you mean you have never 
heard of ALCOA++? Tut, tut, you are not 
keeping up with your regular medication of 
regulatory guidance documents. You really 
must do better. As punishment write out 
100 times, I must not use spreadsheets for  
GXP calculations (1, 2).

To manage the expectations of readers, 
the use of ALCOA in this column does not 
refer to the Aluminium Company of America. 
I realize the disappointment that this may 
cause to many but sometimes, as you prob-
ably know, life stinks.

How Can You Determine  
the Integrity of Data? 
A problem in the current regulatory cli-
mate is how to determine the integrity of 
the data in a record. This issue is not only 
prominent in regulated laboratories, but in 
all laboratories because any decision made 
using analytical data needs the integrity to 
be assured (can you trust the data?) before 
a decision is made using the extracted in-
formation. What is needed is a set of crite-

ria that can be applied to the records set 
to provide assurance that the integrity of 
the data is good. Enter the ALCOA criteria, 
which are the focus of this column. 

In The Beginning….
The ALCOA story goes back to last cen-
tury: Stan Wollen, who was an FDA Good 
Laboratory Practice (GLP) inspector, was 
involved in training fellow inspectors on 
new inspection techniques. He devel-
oped the acronym as a means of under-
standing and evaluating GLP study data 
for data quality and not data integrity. 
As aluminium kitchen foil made by the 
ALCOA company was widely available, 
he used ALCOA as the basis for the fol-
lowing five criteria that could be applied 
to any data set: 
• Attributable
• Legible
• Contemporaneous 
• Original
• Accurate.

These criteria are outlined in a publica-
tion entitled, Data Quality and the Origin of 
ALCOA, and available for download online 
(3). Wollen makes the point that the indi-
vidual elements of ALCOA were already 
present in existing Good Manufactur-
ing Practice (GMP) and GLP regulations.  
What he did was organize them into an 
easily memorized acronym (4). 
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Plagiarism Is the Sincerest  
Form of Flattery
Fast forward to this century, and we 
find that Wollen’s ALCOA data qual-
ity criteria have been taken by vari-
ous regulatory guidance documents 
and repurposed for use as a cor-
nerstone of data integrity in regula-
tory guidance documents from the  
following agencies:
• Medicines and Healthcare Products 

Regulatory Agency (MHRA) 2015 and 
2018 (5,6)

• World Health Organization (WHO), 2016 (7)
• Food and Drug Administration (FDA), 

2018 (8).

The data integrity definitions of the five 
ALCOA criteria are presented with some 
explanation in Table I and are shown in 
yellow in Figure 1. Please read both; they 
are free of charge. Note that the WHO 
guidance document includes both per-
manent and understandable under “leg-
ible” (7). This WHO guidance has the best 
discussion of ALCOA criteria in Appendix 
1 (7), and it is essential reading for anyone  
involved with data integrity. 

Unfortunately, the WHO 2016 guid-
ance has been superseded by an in-
ferior guideline in 2021 (9) of limited 
scope that has deleted the superb 
ALCOA appendix. This new guid-

ance still uses ALCOA with the addi-
tion of “enduring,” which is shown 
later in Table IV. My advice is to ignore 
the new guidance and stay with the  
2016 document (7).

The 2018 MHRA data integrity guid-
ance mentions in section 3.10: 

…. ALCOA was historically regarded as 
defining the attributes of data quality 
that are suitable for regulatory pur-
poses. …. (6). 

The origin of ALCOA was focused on 
data quality, but the same criteria can 
be applied to data integrity, given that 

TABLE I: Definitions and meaning of the five ALCOA criteria

Criterion Meaning

Attributable

• Attributable means information is captured in the record so that it is uniquely identified as 
executed by the originator of the data (for example, a person or a computer system) (7).

• Attributable to the person performing an activity (5) as responsibility is always 
assigned to an individual (for example, performing, reviewing, and authorizing). 

• Who acquired the data originally or performed an action subsequently to it and when?
• A measurement must be linked to a specific and uniquely identified  

instrument, equipment, or item providing the value. 
• Data are linked to a project, study, batch, or lot to avoid orphan data.

Legible

• The terms legible, traceable, and permanent refer to the requirements that data are  
readable, understandable, and allow a clear picture of the sequencing of steps or events in 
the record so that all GXP activities conducted can be fully reconstructed  
by the people reviewing these records at any point during the records retention period  
set by the applicable GXP (7). See also consistent and enduring in Table II.

• Legible (5)
• Can you read the data together with any associated electronic  

metadata or all written entries on paper?
• Can you read and understand all entries including those in the audit trail?

Contemporaneous
• Contemporaneous data are data recorded at the time they are generated or observed (7)
• Documented (on paper or electronically) at the time of an activity
• Any time source must be clearly identified; for computerized  

systems, there should be a trusted time source.

Original

• Original record: Data as the file or format in which it was originally generated,  
preserving the integrity (accuracy, completeness, content and meaning)  
of the record, for example, original paper record of manual observation,  
or electronic raw data file from a computerised system (10)

• True copy: An exact verified copy of an original record (5)
• Original data include the first or source capture of data or information and all subsequent 

data required to fully reconstruct the conduct of the GXP activity.  
The GXP requirements for original data include the following:
 ◦ original data should be reviewed;
 ◦ original data and true and verified copies that preserve the content  

and meaning of the original data should be retained;
 ◦ original records should be complete, enduring and readily retrievable  

and readable throughout the records retention period.
• Written observation or printout or a certified copy thereof
• Electronic records including metadata of an activity
• For copied electronic data: all essential metadata and the original record format (7)

Accurate

• Accurate (5)
• The term “accurate” means data are correct, truthful, complete, valid, and reliable (7)
• No errors in the original observation or observations
• No editing without documented amendments or audit trail entries by authorized personnel
• Use of accurate (for example, calibrated) and controlled data sources (see also Table III)
• Modification of electronic data must be documented using audit trail entries
• Calibrated or qualified analytical instruments
• Validated computerized systems
• Use of correct equations (unlike one recent laboratory (14) 
• Correct rounding of data 
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the same data set is involved. Therefore, 
ALCOA attributes apply to both data qual-
ity and data integrity. The two terms were 
discussed in an earlier “Focus on Quality” 
column (11). 

Add Four Criteria to make ALCOA+
In 2010, the European Medicines Agency is-
sued a guidance on electronic source data 
in clinical trials (12), where four additional 
criteria were added to make ALCOA+.  
These four criteria were: 
• Complete
• Consistent
• Enduring 
• Available.
The definitions are presented with some 
explanation in Table II and are shown in 
green in Figure 1. The 2021 Pharmaceutical 
Inspection Convention/Pharmaceutical In-
spection Cooperation Scheme (PIC/S) data 
integrity guidance also uses the ALCOA+ 
criteria (13).

Official media must be used to re-
cord data to ensure that they are “en-
during” (equivalent to “permanent” in 
the WHO guidance mentioned earlier). 
However, Table II and Figure 1 list some 
unacceptable and unofficial media in-
cluding a laboratory coat sleeve or 
the occasional body part—just don’t 
even think about these alternatives.  
You don’t want to have a starring role in 
a regulatory citation like the individual 
who wrote GMP information on his 
hand in front of an inspector (14).

Adding Up Nicely the  
Tenth ALCOA++ Criterion
The tenth and latest ALCOA criterion is 
“traceable,” from a draft EMA guidance 
on computerized systems and electronic 
data in clinical trials (15). The definition and 
meaning are presented in Table III and 
shown in purple in Figure 1.

There is a debate about whether a 
new criterion is necessary. You will no-
tice in Tables I and II that there are ref-
erences to Table III, which means that 
traceability is implied in the existing 
ALCOA+ criteria. 

However, from an inspector’s or 
auditor’s perspective, any process or 
system should be able to show what 

has happened from data acquisition 
to generation of the reportable re-
sult. I also want to be able to do the 
same in reverse, from the result to the 
acquisition. Ideally, any system or pro-
cess should facilitate this easily and 
be self-evident, including document-
ing any problems that occurred and  
their resolution. 

Many would argue that the criterion 
“traceable” is implicit in ALCOA and 

ALCOA+. However, the implication of the 
term is the problem; it is always better in 
data regulatory guidance to be explicit. 
For example, consider the definition of 
raw data in the United States and Orga-
nization for Economic Cooperation and 
Development (OECD) GLP (4,16). There 
is the need to be able to reconstruct the 
study report from the original observa-
tions and activities, which is an explicit 
requirement for traceability. My argument 
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is that if something is implied, then it may 
not be recognized as a necessity and not 
acted upon.

The next question is whether we need to 
change the name of ALCOA+ to ALCOA++. 

From a personal perspective, ALCOA++ is 
unwieldy and 10 ALCOA+ terms would be 
acceptable for me. However, others are just 
as content to leave ALCOA+ as nine terms 
with traceability implied. From the cross 

references between the three tables in the 
column, you can see that traceability is im-
plicit already in ALCOA+.

Is Traceability the Glue for ALCOA+?
However, there is more to traceability and 
we need to explore the full impact of this 
criterion because it is essential for the inter-
actions between the other ALCOA criteria 
as presented in Figure 3. Each ALCOA cri-
terion does not exist on its own in a silo but 
interacts with other criteria. 
• The center of Figure 3 depicts an analyti-

cal process in green from sample prepa-
ration to the analysis report and repre-
sents the “what” of what must be done. 

• At the top, two analysts performed the 
work and are the “who”: there is one 
analyst for the sample preparation and 
a second analyst for the analysis. Note 
that no second person review is shown. 
A common audit technique is to select 
an individual who performed a task and 
trace back to his or her training records 
and job description to ensure that the 
person had the combination of educa-
tion, training, and experience to do the 
work at the time it was done. 

• The process flow shows the individual 
tasks that represent the “how,” and 
display how the analytical procedure 
is performed and the end result that is 
achieved. Traceability runs throughout 
the entire process to ensure that you 
have used the right instrument, glass-
ware, instrument method, operating 
parameters, and so forth. 

• Data entered into a computerized sys-
tem (batch and sample number, weights, 
and so on) must be traceable to the ex-
ternal source records outside of it. 

• Any changes to the data or metadata 
must have corresponding audit trail 
entries that trace the changes and the 
reasons for them.

• The use of calibrated mass sets, reference 
standards, and calibration standards all 
require further traceability to calibration 
certificates or certificates of analysis.

• Glassware needs to be identified and 
recorded in case of investigations. Re-
cently, quick response (QR)–coded vol-
umetric glassware has been introduced 
so that each flask or pipette is uniquely 

 

ALCOA+ &
ALCOA++ Criteria

ALCOA
Criteria

Attributable Complete

Consistent

Enduring

Available

Traceable

Legible

Contem-
poraneous

Original

Accurate

ALCOA,
ALCOA+ and

ALCOA++

Who acquired data 
or performed an action?

When was the activity performed?
Identity of instrument and method.

Location may be required.

Can you read and understand
written entry? Can a data �le be

read and understood? (May require
contextual metadata). Readable

after system upgrades or migrations.

Documented or recorded at the
time of the activity. Real time data

capture and processing.
Time and date (time zone) recorded

Use of scribes needs justi�cation.

First written observation, e-record
or printout. No unauthorised copies.

True or veri�ed copies are OK.
Blank forms and master templates

controlled.

No errors or editing without
documented amendments.

Instruments calibrated/quali�ed.
Software and methods validated

Calculations and rounding correct.

All data/metadata including any
repeat or reanalysis performed.

Includes any excluded data and all
changes. No deletions or unof�cial
tests. Second person review checks

All records follow in the expected
sequence with supporting dates

or time stamps
Enforcement by computer systems

with technical controls

Record on of�cial & durable media.
Synchronise hybrid records.

No use of envelopes, cigarette
packets, sticky notes, lab coat

sleeve or body parts

Accessible for review, audit or
inspection over the record lifetime.
Applied to any media used for GXP

records. Dynamic data remains
dynamic. Migrated data readable.

Data traceable throughout the
process and data life cycle including

changes with no overwriting.
Metrological, time and metadata

traceability

FIGURE 1: ALCOA, ALCOA+, and ALCOA++ criteria collated from regulatory 
guidance documents.

TABLE II: The four additional criteria of ALCOA+

Criterion Meaning

Complete

• All data from an analysis including any data generated before 
a problem is observed, data generated after repeat part or 
all of the work or reanalysis performed on the sample.

• For hybrid systems, the paper output must be linked to 
the underlying electronic records used to produce it.

Consistent

• All elements of the analysis, such as the sequence of events 
follow on and data files, are date (all processes)  
and time (when using a hybrid or electronic systems)  
stamped in the expected order.

• The timestamps of electronic files are consistent and refer 
to a common reference (time server) see also Table III.

Enduring

• Recorded on authorized media, for example, laboratory  
notebooks, numbered worksheets for which 
there is accountability or electronic media.

• Not recorded on the backs of envelopes, laboratory coat 
sleeves, cigarette packets, sticky notes, or body parts.  

• Electronic data must be stored on controlled  
and robust electronic media.

Available

• The complete collection of records, regardless of the 
media, can be accessed or retrieved for review and 
audit or inspection over the lifetime of the record.

• Electronic and hybrid media may require migration  
over the retention period. This process should be 
validated, and the data should be readable.

• Any data loss as a result of a migration should be explained 
and justified. Migrated data should have the same content 
and meaning: the same decision should still be made

• Migrated electronic records from hybrid systems should 
be synchronized with the corresponding paper records.

• Can the data be accessed for review, audit, or inspection  
over the lifetime of the record? Including after the 
contract end in case of outsourced activities?
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identified; this information can be set up in an informat-
ics application. When any glassware is used, the code is 
scanned so that any items used are recorded automatically. 
However, in any automated process, there must be the 
ability to allow an analyst to record any issues in free text 
if a problem is found, which is important in complying with 
the “Analyst Responsibilities in the FDA Out of Specifica-

tion” guidance (17) in case an activity has to be repeated 
because of a mistake.

• To ensure reliable time and date stamps, a computerized system 
should be linked to the network with a time server that is syn-
chronized to an external trusted time source, such as a network 
time protocol (NTP) server or a national legal time source.

Traceability ensures trusted and reliable records and activities that 
in turn ensure integrity of data and the whole record set. Therefore, 
you can see why traceability, an implied requirement of ALCOA 
and ALCOA+, is an important addition.

Mapping all ALCOA Criteria Across  
Regulatory Guidance Documents
To complete our discussion, Table IV maps all 10 ALCOA cri-
teria to the respective GMP regulatory guidance documents 
for data integrity available at the start of 2022. As can be 
seen, the PIC/S (13) and two EMA GCP guidance documents 
(12,15) are the guidances with ALCOA+ and ALCOA++ crite-
ria. However, reiterating my advice earlier, Appendix 1 of the 
WHO guidance (7) is still the must-read section to have an  
in-depth understanding of ALCOA, supplemented with PIC/S 
PI-041 (13) and the latest EMA (15) guidances for ALCOA+  
and ALCOA++ criteria, respectively.

Summary
The criteria for data integrity continue to evolve, and the proposed 
criterion of traceability appears to be the dark matter that holds 
the remaining ALCOA+ criteria together. However, it is traceabil-
ity that shows that each ALCOA criterion does not exist in a silo,  
but that they all interact with and are dependent upon each other. 
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TABLE IV: ALCOA Criteria Mapped to Regulatory Data Integrity Guidance Documents
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Lithium plays an important role in everyday life and one 
of its most common uses is in batteries. With the demand 
for higher-capacity batteries, current battery production 
technology must improve, requiring better control of 
the elemental composition of the raw materials and 
components used. 

SPECTROSCOPY: What analytical techniques are used to determine the elemental 
composition of lithium battery materials? 
HINEMAN: The elemental composition of lithium battery materials, both upstream and mid-stream 
of the supply chain, is mostly performed using an inductively coupled plasma optical-emission 
spectrometer (ICP-OES) such as our Avio series of instruments. However, in addition to ICP-OES, 
other atomic spectroscopy techniques are used in various parts of the supply chain for different 
material types and different levels of detection. These techniques are typically X-ray fluorescence 
(XRF), atomic absorption (AA), such as the PinAAcle series of instruments, and inductively coupled 
plasma mass spectrometry (ICP-MS) such as the NexION series. Not only do we use these techniques 
to test the lithium itself, but they’re used to determine the puirity of anode and cathode materials, 
electrolytes used in battery cells, and other raw materials. 

SPECTROSCOPY: There’s more to lithium batteries than just lithium. Why does the elemental 
composition matter in the battery industry? 
HINEMAN: The elemental composition is very important in battery designs. The demand for higher-
capacity and more efficient batteries means manufacturers need to have better control of all the 
input materials used for their final product. One example is lithium salts. Lithium salts are commonly 
refined from brines, which is, essentially, a highly concentrated solution of sodium chloride and 
a bunch of other inorganic substances. But sodium in a lithium-ion cell is an impurity, and it can 
lead to overheating in the battery during use. Therefore, it must be removed prior to lithium being 
incorporated into the final product. As you can imagine, going from a very highly concentrated 
solution of sodium chloride to trace level impurity of sodium can be difficult, and therefore, 
analytical techniques are needed to understand the remaining amount of sodium. 

SPECTROSCOPY: When it comes to analyzing these complicated battery makeups, is one 
technique better than the other? 
HINEMAN: I get this question a lot. The answer is no. Each analytical technique has its most 
appropriate use in the characterization and analysis of the various materials. It depends on the 
material, the concentration of the element, or elements in the sample, and the limits of detection 
needed for that particular application or use case. 

SPECTROSCOPY: You alluded to up and down the stream of supply. At what point in the 
lithium battery supply chain does this analysis happen? 
HINEMAN: Yes, these technologies can be found throughout the supply chain for batteries. They’re 

Elemental Testing for the Lithium  
Battery Industry

Aaron Hineman
Inorganic Product Line Leader
Americas
PerkinElmer Inc.

used from exploration and mining to processing into usable materials. 
They are also used during cell manufacturing, R&D, product quality control, 
and the recycling process, i.e., when batteries are recycled into their core 
materials to be reprocessed into new batteries. Typically, AA, XRF, and 
ICP-OES are used during the mining and initial processing of raw materials. 
However, as the need to identify the presence of trace elemental impurities 
in these battery materials becomes ever more critical for manufacturers, 
ICP-MS can come into play. We’ve found that our new NexION 5000 Multi-
Quadrupole ICP-MS, with enhanced sensitivity and specificity, has a place 
in the battery value chain. 

SPECTROSCOPY: Are there any other analytical techniques used in 
this industry? 
HINEMAN: In addition to what I’ve discussed for the elemental 
composition in elemental impurity testing, there are quite a few analytical 
solutions required to test individual battery components. Most testing 
takes place during the product development and quality control processes 
in production. Some examples are infrared-based technology to identify 
the raw materials and polymers used. Thermal-analysis techniques, such 
as thermogravimetric analyzer (TGA)/differential scanning calorimetry 
(DSC), can be used to understand the thermal properties and materials, 
and to evaluate safety performance during non-normal circumstances of 
battery operation, i.e., high-demand scenarios. The material composition 
can be tested using gas chromatography (GC) or GC coupled with mass 
spectrometry (MS) such as composition in a ratio of cyclic carbonates. 
Volatile substances—you can look at what’s coming off these materials 
using headspace sampling and GC-MS as well. Material characterization is 
further enhanced by hyphenating these techniques. 

Essentially, hyphenated solutions are used in the lithium battery industry 
where two or more of these instruments are coupled together, which 
increases the power and insight of the analysis. It enhances productivity 
by acquiring more information from a single run. Analytical scientists 
and manufacturers working on new product development and process 
improvements need all this information to obtain a more complete picture 
of what they’re working with. Therefore, a single analytical technique 
provides useful information, but it’s usually not enough. You need multiple 
analytical techniques to identify and characterize these complex mixtures, 
gases, and other materials used in the industry. 

SPECTROSCOPY: When it comes to elemental analysis, is there room 
for the industry to improve? 
HINEMAN: Most definitely. Lithium-ion battery chemistry is critical. As such, 
accurate and reliable analysis of these materials is crucial to ensure that the 
final product is of satisfactory quality, is safe, and has certain performance 
characteristics. In time, the quality demands will only increase—a better 
product, better capacity batteries, better-performing batteries—requiring 
tighter control of the elemental composition throughout the industry. This will 
in turn require further application development and the use of more sensitive 
instruments to improve the accuracy and detection of elemental analysis 
performed throughout the industry. 

PerkinElmer is an industry leader in applied markets, providing laboratories globally with analytical instruments, accessories, services, and solutions that they 
need to succeed. Our solutions accelerate scientists’ ability to detect, monitor, and manage contaminants and toxic chemicals impacting our environment through the 
development of innovative technologies and services – and by helping our customers meet their most complex challenges – we’re improving human and environmen-
tal health. For more information visit perkinelmer.com.

http://www.perkinelmer.com
http://www.spectroscopyonline.com
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used from exploration and mining to processing into usable materials. 
They are also used during cell manufacturing, R&D, product quality control, 
and the recycling process, i.e., when batteries are recycled into their core 
materials to be reprocessed into new batteries. Typically, AA, XRF, and 
ICP-OES are used during the mining and initial processing of raw materials. 
However, as the need to identify the presence of trace elemental impurities 
in these battery materials becomes ever more critical for manufacturers, 
ICP-MS can come into play. We’ve found that our new NexION 5000 Multi-
Quadrupole ICP-MS, with enhanced sensitivity and specificity, has a place 
in the battery value chain. 

SPECTROSCOPY: Are there any other analytical techniques used in 
this industry? 
HINEMAN: In addition to what I’ve discussed for the elemental 
composition in elemental impurity testing, there are quite a few analytical 
solutions required to test individual battery components. Most testing 
takes place during the product development and quality control processes 
in production. Some examples are infrared-based technology to identify 
the raw materials and polymers used. Thermal-analysis techniques, such 
as thermogravimetric analyzer (TGA)/differential scanning calorimetry 
(DSC), can be used to understand the thermal properties and materials, 
and to evaluate safety performance during non-normal circumstances of 
battery operation, i.e., high-demand scenarios. The material composition 
can be tested using gas chromatography (GC) or GC coupled with mass 
spectrometry (MS) such as composition in a ratio of cyclic carbonates. 
Volatile substances—you can look at what’s coming off these materials 
using headspace sampling and GC-MS as well. Material characterization is 
further enhanced by hyphenating these techniques. 

Essentially, hyphenated solutions are used in the lithium battery industry 
where two or more of these instruments are coupled together, which 
increases the power and insight of the analysis. It enhances productivity 
by acquiring more information from a single run. Analytical scientists 
and manufacturers working on new product development and process 
improvements need all this information to obtain a more complete picture 
of what they’re working with. Therefore, a single analytical technique 
provides useful information, but it’s usually not enough. You need multiple 
analytical techniques to identify and characterize these complex mixtures, 
gases, and other materials used in the industry. 

SPECTROSCOPY: When it comes to elemental analysis, is there room 
for the industry to improve? 
HINEMAN: Most definitely. Lithium-ion battery chemistry is critical. As such, 
accurate and reliable analysis of these materials is crucial to ensure that the 
final product is of satisfactory quality, is safe, and has certain performance 
characteristics. In time, the quality demands will only increase—a better 
product, better capacity batteries, better-performing batteries—requiring 
tighter control of the elemental composition throughout the industry. This will 
in turn require further application development and the use of more sensitive 
instruments to improve the accuracy and detection of elemental analysis 
performed throughout the industry. 

PerkinElmer is an industry leader in applied markets, providing laboratories globally with analytical instruments, accessories, services, and solutions that they 
need to succeed. Our solutions accelerate scientists’ ability to detect, monitor, and manage contaminants and toxic chemicals impacting our environment through the 
development of innovative technologies and services – and by helping our customers meet their most complex challenges – we’re improving human and environmen-
tal health. For more information visit perkinelmer.com.
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Steve Buckley

LASERS AND OPTICS INTERFACE

Detecting Methane Emissions:  
How Spectroscopy is Contributing 
to Sustainability Efforts 

Evidence and sentiment are both 
aligned towards the necessity of 
reducing the impact of greenhouse 
gases on climate. Although global 
CO2 emissions are relatively easy 
to assess because of their linear re-
lationship with carbon-based fuel 
combustion, methane (CH4) is rela-
tively difficult to measure because 
of the diversity of methane sources. 
Because it has over 25 times the 
potency of CO2 as a greenhouse 
gas and a much shorter atmo-
spheric lifetime, controlling CH4  
is one of the highest-impact ways 
to reduce climate impacts. Here, 
we look at the evidence and some 
of the ways spectroscopy is essen-
tial in this fight.

The recent international  
climate meeting, “Conference 
of the Par t ies 26” (COP26) 

that occurred in Glasgow, Scotland, 
in the fall of 2021 both highlighted 
the dangers associated with climate 
change and solidified the will for im-
mediate action to reduce greenhouse 
gases. In the 30 years since the initial 
United Nations Framework Conven-
tion on Climate Change, substantial 
new evidence has been collected that 
documents the deleterious effects of 
greenhouse gas emissions on climate 
and the Earth’s ecosystem, and invest-
ments in renewable energy technology 
have been implemented to accelerate 
the transition to low carbon inten-
sity and carbon-free energy sources.  
These two factors have moved pub-
lic sentiment toward action while fa-
cilitating the possibility of reducing 
greenhouse gas emissions without an 
enormous drop in global productivity 
and standard of living that would be in-
evitable if low-carbon energy sources 
were not inexpensively available.

The result of these two factors 
is that the time for action is now.  
Many industries recognize the need 
for prioritizing developing technolo-
gies to combat climate change and are 
broadly aligned on this goal. 

It has long been known that meth-
ane (CH4) is a much more potent 
greenhouse gas than carbon dioxide 
(CO2). Although CO2 is significantly 
higher in atmospheric concentra-
tion at 418 parts per million (ppm) (1)  
than CH4 (nearly 1.9 ppm) (2), the CO2 
absorption bands in the atmosphere 
are saturated, meaning that rising 
CO2 concentration influences absorp-
tion only on the wings of the absorp-
tion bands, while the CH4 bands are 
not saturated. As a result, rising CH4 
concentration is much more impact-
ful on warming. It is estimated that 
global CH4 concentrations are 2.5 
times higher than in preindustrial peri-
ods (3), compared with a roughly 150% 
increase in CO2 levels from peaks in 
preindustrial times of approximately 
280 ppm to present-day values.

CH4 has a relatively short lifetime 
in the atmosphere, accounting for ap-
proximately 30% of the atmospheric 
reactions with the hydroxyl radical 
(OH) (4), which itself drives most of 
the reactions in Earth’s troposphere.  
During its oxidative breakdown, CH4 
contributes substantially to tropo-
spheric ozone (O3) production through 
the formation of NO2 by HO2 and 
CH3O2. NO2 is photolyzed into NO + 
O, and the oxygen radical reacts with 



http://www.bayspec.com


24  Spectroscopy 37(4)   April 2022 www.spectroscopyonline.com

O2 to form O3. This NO2 pathway forms 
essentially the only source of tropo-
spheric ozone (4), which itself is a po-
tent greenhouse gas. The IPCC’s 5th 
Assessment report in 2013 assigned 
CH4 nearly 60% the potency of CO2 
for radiative forcing in the atmosphere 
(5). Because of its short lifetime, Inger 
Anderson, who is the executive direc-
tor of the United Nations Environment 
Program, said “Cutting methane is 
the strongest lever we have to slow 
climate change over the next 25 years 
and complements necessary efforts to 
reduce carbon dioxide” (6). 

Unlike CO2 emissions, which are 
easily localized and primarily from 
combustion-driven energy sources, 
CH4 emissions are dispersed geo-
graphically and from a variety of 
source types. For example, substantial 
amounts of gas-phase hydrocarbons  

are locked in underground reservoirs 
along with liquid and solid hydrocar-
bons. Although in many cases these 
reservoirs of gas are successfully 
captured, extraction of fossil fuels 
(both coal and oil) leads to emissions.  
Successful capture depends on suc-
cessful measurement. Table I shows 
some of the most important global 
emissions sources of CH4.

Spectroscopic CH4 Measurement
CH4 has fundamental vibrational 
modes in the infrared (IR), with the 
main H-CH3 stretching modes ap-
proximately 3.4 µm and the H-CH3 
deformation modes between 6.8–7.5 
µm. Combination bands and the 
harmonics of these modes make 
the CH4 spectrum quite rich in the 
mid- and near- IR (NIR) regions.  
Although solid state electrochemical 

sensors are used in some situations for 
point monitoring applications, many, if 
not most, applications use some sort 
of spectroscopic measurement.

The simplest measurement scheme 
is nondispersive IR (NDIR), in which a 
broadband light source is directed 
onto a filtered photodiode or other 
detector. Gas in the path between the 
light source and the detector gener-
ates an absorption signal, which can 
be used to quantify the gas. For CH4, 
the filter is typically in an interference-
free region around 3.4 µm. NDIR gas 
sensors have been used for decades in 
air quality monitoring. Here, we focus 
on more complex sensors and evolv-
ing applications for local and global 
CH4 monitoring used to assess and 
control emissions for climate change.

Point and Mobile Monitors
Many of the methane concentration 
data series (for example, the global 
monitoring laboratory series main-
tained by the National Oceanic and 
Atmospheric Administration [NOAA]) 
rely on gas samples transported to 
the laboratory and measured using 
traditional, sensitive methods, such as 
gas chromatography (GC). However, 
these measurements are being sup-
plemented by newer devices that can 
be used on-site and made portable.  
The most prevalent is the cavity ring-
down spectrometer (CRDS), which is 
available from providers such as Picarro, 
Los Gatos Research (an ABB company), 
and Tiger Optics, among others. 

In CRDS, pulsed light tuned to an ab-
sorption transition is directed through 
a gas cell containing the gas of inter-
est. Highly reflective end mirrors in the 
cavity can yield pathlengths of at least  
10 km quite easily. A small amount of 
light emitted from one end of the cav-
ity is measured continuously. Trace gas 
absorption during roundtrips of the 
light in the cavity causes the light to 
diminish with each pass, as shown in 
Figure 1 and equation 1 (12)

I (t) = I0e
(–Tt2L/c)                [1]

TABLE I: Key sources of atmospheric methane, from U.S. EPA (11) and sourc-
es as shown.

CH4 Source Description

Coal pro-
duction

Coal mining releases a substantial amount of CH4, which must be 
quickly ventilated to minimize explosion risk. International Energy 
Agency (IEA) data suggest that coal mining contributes to about 
12% of anthropogenic emissions (7) According to data from the 
U.S. EPA Coalbed Methane Outreach Program, only 25% of the 
CH4 from mines in 1993 was recovered and reused, whereas by 
2011 approximately 80% was recovered and reused (8). Coalbed 
methane remains a large, unquantified, and mostly uncontrolled 
source of emissions in both China and Indonesia. For example 

“between 90% and 95% of China’s methane emissions in the energy 
sector come from coal mines,” according to recent studies (9). 

Oil and gas 
systems

According to the IEA, leakage from oil and gas operations are 
approximately 22.5% of man-made CH4 emissions (7). Major 

contributors include Russia, Nigeria, Mexico, and the United States. 
Control of these emissions is a key focus for many of the interna-

tional energy majors and pipeline operators, with IEA data showing 
that at least 45% of the emissions controls could be financially-neu-
tral at current natural gas prices. Recent focus in the United States 
has been on the magnitude of leakage from household appliances 
(gas stoves and fireplaces), leading to phase-outs of these devices 

for new construction in many areas over the next decade (10).

Livestock 
enteric  
fermentation

Nearly 40% of the annual man-made emissions of methane are 
because of livestock, for example, from the 1.4 billion cattle and 

approximately half that number of pigs on farms. Both enteric CH4 
formation and microbial action in manure contribute to emissions.

Landfills 
and waste 
treatment

IEA data suggest that about 20% of anthropogenic CH4 
emissions are from microbial digestion during decompo-
sition in landfills and waste treatment plants (7). Landfill 

gas recovery systems and gas collection systems at waste 
treatment plants make this largely recoverable.

Natural 
sources

Approximately 40% of atmospheric methane is considered non-
anthropogenic, from wetlands, bogs, and natural microbial action 
not related to human agriculture. An enormous amount of meth-
ane is trapped as methane hydrates in the deep ocean, and at risk 

of emission because of ocean warming as temperatures rise.
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Here, the intensity as a function of time, I(t), is proportional 
to the initial intensity multiplied by the exponential decay 
function, where T is the transmissivity of the cavity (deter-
mined by the mirrors), t is time, L is the cavity length, and 
c is the speed of light. If the reflectivity of the end mirrors 
and L are precisely known, the absorption because of a 
particular gas mixture can be precisely measured. For ex-
ample, the Piccaro G2203 methane/acetylene monitor has 
ppm-level sensitivity with 3 ppb precision and a drift of less 
than 4 ppb. It can be used for measuring fugitive emissions 
from landfills or other broad-area sources, with an acety-
lene tracer for quantification. CRDS monitors can also be 
used in mobile mode, coupled with a GPS for mapping. 

Another type of innovative mobile methane monitor uses 
tunable diode laser absorption spectroscopy (TDLAS) tech-
nology (13) to measure CH4 in a path up to approximately 
30 m. A visible aiming laser allows for the pointing of the 
instrument, which works for NIR. Backscatter allows the 
determination of total CH4 in the path, reported in ppm 
meters, which is quite useful for detecting leaks in oil and 
gas plants, where it may be difficult to gain access to all 
parts of the process. Examples of these solutions are the 
Sensit Gas·Trac LZ-30 or the Crowcon LaserMethane Mini, 
among others. For a similar use case, Teledyne FLIR Inc. 
has a popular CH4 leak imager (GF320) that operates on the 
3.2–3.4 µm band, detecting absorption in backscatter using 
a cooled camera detector (CCD). Recent tests indicate that 
these are good for detecting relatively large leaks (greater 
than 10 standard liters per min) under good meteorological 
conditions when the operator is well-trained (14). For more 
trace detection, the TDLAS units may prove more sensitive.

Fenceline Monitors
Increasingly, industrial fenceline monitors are under consid-
eration not only for toxic air contaminants such as H2S and 
reactive organic compounds such as acetaldehyde from 
refineries, but also for CH4. 

There are a number of technologies that can be used 
in an open-path configuration as a fenceline monitor to 
measure CH4. The simplest is open-path NIR with a broad-
band source, configured as an NDIR sensor as described 
above without the gas cell. However, this configuration has 
a limited range because of dissipation of the source at a 
distance, combined with the relative weakness of the NIR 
transition compared with the mid-IR.

Moving detection into the mid-IR has advantages, and 
there are several Fourier transform (FT)-IR systems configured 
as fenceline monitors. With a wide spectral range, these can 
typically measure a suite of gases. They typically have a longer 
pathlength than NIR monitors, and FT-IR is written into U.S. 
EPA standard methods, so it is widely accepted. 

Using a laser has distinct advantages because of the col-
limation of the source. Numerous companies have fence-
line monitors based on TDLAS, including Unisearch (LasIR) 

and Sensit (Gas·Trac FPL). These work in NIR spectroscopy, 
where tunable diode laser technology is mature. Newer sys-
tems include the LaserWarn by Block Engineering. Based 
on quantum cascade laser technology, these have the high-
est combined detection sensitivity and pathlength.

Remote Measurements 
The next-generation CH4 measurement systems involve 
remote sensing. There are a number of interesting ap-
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FIGURE 1: Simulated CRDS trace, from which successive 
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proaches. Current satellite instruments 
are able to measure atmospheric CH4 
in the shortwave IR using absorption 
of solar radiation measured in back-
scatter. According to Varon and Asso-
ciates, these measurements typically 
have resolutions of 1–10 km and preci-
sion between 0.1–1% (15). Given these 
parameters, they provide regionally 
accurate data but cannot resolve 
point sources. Upcoming instruments 
hope to provide improved resolution,  
both with more optical resolution and 
by using updated plume algorithms to 
pinpoint sources. Most of the recent 
instruments use this approach. Older 
satellite instruments use earth’s ther-
mal radiation as a background source. 
These instruments are less sensitive 
in the lower troposphere because of 
the low temperature contrast with the 
earth but are useful at mid-latitudes. 
They are useful for quantifying CH4 in 
particulate-laden environments be-
cause the longer wavelengths are not 
sensitive to particulates (16). 

A highly awaited mission called 
Methane Remote Sensing Light De-
tection and Ranging (LIDAR) Mission 
(MERLIN) is scheduled to launch in 
2024. A joint ef for t of the French 
National Center for Space Studies 
(CNES) and the German Aerospace 
Center (DLR) will use differential ab-
sorption LIDAR in the 1.6 µm CH4 band 
to quantify CH4 in the column at 20 
Hz. Measurements are taken approxi-
mately every 400 m along the ground 
track (17). The MERLIN mission should 
have top-level scientific output daily 
maps of the column-weighted dry-air 
mixing ratio of methane (18). This view 
of global emissions on a daily basis 
should greatly improve our under-
standing of global sources and geo-
graphic variation and provide great 
insight into opportunities for CH4 
emissions control.

Conclusions
Evidence shows that there is an imme-
diate need to control global warming, 
and low-carbon energy technologies 
and public sentiment are aligned for 

action. One of the most effective and 
quickest ways to minimize greenhouse 
gases is to control CH4 emissions, given 
their outsized impact and their rela-
tively short lifetime in the atmosphere. 

This crisis becomes an enormous 
opportunity for spectroscopists be-
cause detection works hand-in-hand 
with control strategies. Employing new 
methods, or achieving higher time- and 
spatial-resolution with existing meth-
ods for CH4 detection, is an enormous 
near-term opportunity for the spectros-
copy community and readers of this 
column. Let’s get to work!
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Time-Resolved Fluorescence  
Spectroscopy Study of Energy  
Transfer Dynamics in Phycobilisomes 
of the Thermophilic Cyanobacterium 
Thermosynechococcus 
vulcanus NIES 2134 

Phycobilisomes (PBSs) are the largest 
light-harvesting complexes in cyano-
bacteria and red algae. To understand 
the energy transfer dynamics in PBSs,  
the cyanobacterium Thermosynechococ-
cus vulcanus NIES 2134 (T. 2134), with a 
phycocyanin (PC) trimer PC612 linking 
the rod and core, was selected. The en-
ergy transfer dynamics were studied via 
time-resolved fluorescence spectros-
copy with sub-picosecond resolution.  
The energy transfer pathways and trans-
fer rates were uncovered by deconvo-
lution of the fluorescence decay curve.  
A fast time-component of 10 ps from 
PC612 trimer to the core and a slow time-
component of 80 ps from rods to the core 
were recognized in the energy transfer. 
The faster energy transfer rate of 10 ps 
enables PC612 trimer to modulate the 
energy transfer dynamics between rods 
and core. The findings help us understand 
the structure-induced energy transfer  
mechanisms in PBSs.

Mingyuan Xie, Zhanghe Zhen, Song Qin, Wenjun Li, and Fuli Zhao 

Cyanobacteria constitute a phy-
logenetically coherent group of 
evolutionarily ancient, morphologi-

cally diverse, and ecologically important 
phototrophic bacteria (1). Cyanobacteria 
are defined by their ability to carry out 
photosynthesis. They synthesize phycobili-
somes (PBSs) as light-harvesting antenna 
and feature high energy transfer efficiency, 
up to 95% (2). Curiosity-driven research has 
led to the discovery of the intricate struc-
tural and functional organization of PBSs 
and its relationship with high energy trans-
fer efficiency (3–5). 

The geometrical arrangement of a PBS 
is elegant, in an antenna-like assembly 
comprised of phycobiliproteins (PBPs),  
resulting in high efficiency and a high rate 
of energy transfer. PBPs have a central 
core, which is made of two to five allophy-
cocyanin (APC) cylinders and surrounded 
by six to eight rods (6,7). All rods contain 
phycocyanin (PC) and occasionally other 
hypochromic variants of PBPs as well.  

This mega-structure architecture contains 
additional non-pigment-binding proteins 
called linker proteins (LPs) (8). These LPs 
have a critical role in determining the di-
rectionality of excitation energy transfer 
(6). PBPs are assembled from two types of 
subunits that form the αβ monomer. The 
PC monomer has three phycocyanobilin 
(PCB) chromophores, β155; α84; and β84 
(9–11), whereas APC contains only two 
PCBs, α84 and β84 (12–15). Monomers fur-
ther assemble into trimers, hexamers, and 
finally into rod or core cylinders, which fur-
ther assemble to form the complete PBS.

To date, researchers have proposed 
different mechanisms of energy transfer 
between PBS subcomplexes in cyano-
bacteria. Several ultrafast energy transfer 
pathways have been identified in PBS from 
T. 2134. Sauer and others suggested a fast 
370 fs component between two different 
monomers of the PC trimers (16). Edington 
and others reported the presence of two 
components with excited state lifetimes of 
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280 fs and 1000 fs in the APC trimer (17). 
Zhang and others found an 18 ps compo-
nent from terminal PC trimer to the APC 
core (18). However, the structure-mod-
ulated mechanism of energy transfer in 
PBSs has not been fully elucidated, and the 
energy transfer dynamics are still unclear.

In this study, thermophilic cyanobacte-
rium T. 2134, consisting of five APC core 
cylinders surrounded by six PC (PC620 
hexamers) rods arranged around the core 
with a PC (PC612 trimer) subunit (identified 
to date only in T. 2134) filling in the gap be-
tween rods and core (19,20), was selected 
to study the energy transfer within PBSs. 
The steady state and time-resolved fluo-
rescence spectra of PBSs of T. 2134 were 
measured, and the sequential energy 
flow among PBPs in PBSs was examined.  
The fluorescence relative decay curves of 
the respective transfer components were 
estimated by deconvolution of time-re-
solved spectra. The energy transfer kinet-
ics were analyzed in detail to explore the 
structure-induced mechanism of energy 
migration within a PBS antenna system.
 
Materials and Methods
Growth of T. 2134 and Isolation of PBSs
T. 2134 was cultured at 22 °C in constant 
low light illumination (40 w-white tubes,  
a light cycle of 16 h, and a dark cycle of  
8 h) in a Bold 1NV: Erdshreiber (1:1) medium 
(UTEX). Contamination was inhibited by 
filtering the medium with 0.22 μm paper 
filters and the air supply with a cotton 
filter. PBSs from T. 2134 were prepared,  
according to the methods described in  
our previous studies (3,4).

Determination of Steady-State and 
Time-Resolved Spectral Properties 
Absorption and steady-state fluores-
cence spectra were recorded using a 
spectrophotometer (Persee TU-1810c) 
and a spectrofluorometer (Hitachi FL-
4500), respectively. The spectral sensitiv-
ity of the fluorometer was corrected by 
the radiation profile of the standard lamp. 
Time-resolved fluorescence spectra (TRFS) 
were measured at 77 K by a synchroscan 
streak-camera (Hamamatsu C6860, time-
resolution 700 fs) coupled to a polychro-
mator, as shown in Figure 1. The silica 

cuvette-containing samples were placed 
in liquid nitrogen and were frozen in the 
dark. The light source was a regenera-
tive Ti:sapphire amplifier system (Legend 
Elite USP HE+, Coherent), with an output 
pulse laser at the wavelength of 498 nm 
for excitation. The pulse duration was 
35 fs, and the pulse repetition rate was 1 
kHz. Spectral data were measured with a  
0.2-nm interval and stored, and the TRFS 
were reconstructed afterwards.

Analysis of the Time-Resolved  
Fluorescence Spectra
The fluorescence delay-associated spectra 
(FDAS) were calculated as follows: Fluores-
cence decay curves were deconvoluted 
based on a global optimization method 
(21). After deconvolution, the time resolu-
tion was improved to approximately 2 ps. 
All the decays were re-analyzed using the 
same lifetime parameters. The amplitudes 
of these exponential components as a 
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function of emission wavelength provided 
FDAS (22).

The fluorescence detected by the streak 
camera was transferred into the com-
puter for deconvolution (23–25). The de-
tected fluorescence intensity Fexp can be  
described as follows:

Fexp(t)=fpump     Ftheo= ∫fpump(t)Ftheo(t–t’)dt’ [1]

where fpump represents the pump laser 
pulse. We considered the theoretical fluo-
rescence intensity Ftheo as a sum of multi-
exponential form:

Ftheo(t) = ∑εiexp(–t/τi) [2]

We applied a deconvolution procedure 
based on a global optimization method, 
which, described as follows, fit the isotropic 

fluorescence (21). The variable A denotes 
the amplitude of the fluorescence isotropic 
decay constant of τi.

In(λ,t)=∑Ai(λi)exp(–t/τi)
n

i=1
[3]

Results
Steady-State Spectroscopy Results 
The steady-state spectra of the PBSs from 
T. 2134 were measured at room tempera-
ture and 77 K, respectively. The results ob-
tained are displayed in Figure 2. The ab-
sorption spectrum of PBSs from T. 2134 at 
room temperature exhibited a peak at 622 
nm and a shoulder at 573 nm, with a large 
half-width because of the absorption of 
the PCB chromophores. The fluorescence 
spectra of PBSs from T. 2134 were obtained 
with an excitation at 570 nm. The maximum 
fluorescence peak at room temperature 
was at 660 nm. Although the fluorescence 
spectrum at 77 K is much narrower com-
pared to that at room temperature, it ex-
hibited a peak at 679 nm with a shoulder 
at approximately 653 nm, which is be-
cause of the low temperature at 77 K that 
leads to the phycobiliprotein conforming 
again, resulting in the change of the elec-
tronic state of chromophoric group (26).  
This conformational change has a signifi-
cant effect on the spectral properties of 
the chromophore, which may increase the 
rigidity of the chromophore in the PBS and 
the quantum yield of fluorescence.

Conclusions
With picosecond time-resolved spectros-
copy and the application of deconvolution 
techniques, we have studied the energy 
transfer paths, energy transfer time con-
stants, and energy transfer dynamics in 
a complete PBS of the thermophilic cya-
nobacterium T. 2134. The results indicate 
that the energy transfer time constant 
between PC612 trimer and APC core is 
approximately 10 ps. The energy transfer 
time constant between PC620 rods to APC 
core is approximately 80 ps. The flexible 
PC612 trimer connects the end of the PC 
rod and the circumference of APC core cyl-
inders, acts as the energy transfer bridge 
in the rod-core structural antenna system.  
The PC612 trimer exhibits a fast energy 

TABLE I: The deconvolution results of PBS from T. 2134. Excitation was at 570 nm. 

Eem (nm) τ1 (ps) A1 τ2 (ps) A2 τ3 (ps) A3

640 14 48 76 48 1099 4

650 10 70 101 26 1123 3

660 9 -8 63 88 929 11

670 11 -63 104 54 1218 46

680 10 -90 76 4 1744 97

690 8 -5 66 -3 1369 100

Average 10 80 1250
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FIGURE 2: The steady-state spectra of PBS from T. 2134. (Red line) Absorp-
tion spectra of T. vulcanus PBS at room temperature. (Black line) Normalized 
fluorescence spectra of PBS from T. 2134 at room temperature with excitation 
at 570 nm. (Blue line) Normalized fluorescence spectra of PBS from T. 2134 at 
77K with excitation at 570 nm.

Stresk Camera

Lens 3

Lens 2

Lens 1

Cuvette

Cryostat Aperture

Attenuator

Mirror

OPA

Beam Splitter

fs Ampli�er System

FIGURE 1: Experimental setup for time-resolved spectroscopy measurements.
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transfer route to the core and modulates 
the energy transfer dynamics between the 
rods and the core.

The large and complex structure com-
plicated the energy transfer in PBSs and 
PBPs. In theory, energy transfer takes place 
among different chromophores, and more 
than half of the energy transfer with a time 
constant of less than 1 ps greatly hindered 
the direct observation in available meth-
ods. With the development of ultrafast 
techniques, future research on the physical 
mechanisms of energy transfer in the initial 
photosynthesis process can go deep into 
the energy localization kinetics in its coher-
ence condition of the excited state, which 
may bring us a more accurate understand-
ing of the energy transfer dynamics in the 
photosynthesis antenna systems.

Time-Resolved Spectroscopy Results
Fluorescence spectra in the steady state 
are combinations of emissions from fluo-
rescence components. The energy transfer 
among the spectra are described by their 
kinetics. Thus, the time-resolved fluores-
cence spectra of PBSs from T. 2134 were 
analyzed in detail. The time-resolved 
fluorescence spectrum was conducted at  
77 K, at which the molecular vibration ef-
fect and solvent effect that affect the pre-
cise reflection of energy transfer process 
could be neglected, allowing large signal-
to-noise (S/N) ratios to guarantee that the 
time-resolved fluorescence spectrum was 
close to the necessary assumption of the 
energy transfer in theoretical models (27).

Figure 3 shows the reconstructed three-
dimensional (3D) time-resolved fluores-
cence spectra of PBS from T. 2134 at 77 K, 
represented in color gradation. The time-
resolved fluorescence spectra show the 
changes of spectra with time. As the dif-
ferent wavelengths of fluorescence spectra 
correspond to the different chromophores 
emissions in PBSs, we can get the emission 
information of chromophores fluorescence 
in different positions of PBSs with time. The 
expression helps us understand the energy 
flow conceptually. With an excitation at 570 
nm when it excites the chromophore in the 
PCB, the time-resolved fluorescence spec-
trum of PBSs showed initially a spike of the 
PC fluorescence band at approximately 
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640–660 nm, and then with the APC core emission band from 
680 nm to 690 nm that rose concomitantly with the decay of the 
PC emission. Changes in the relative intensities of fluorescence 
components directly show the energy transfer from PC rod to APC 
core in PBSs.

The changes in the fluorescence spectra were much more 
clearly observed, as shown in Figure 4. The fluorescence compo-
nents in the time-resolved spectra were resolved by deconvolu-
tion of spectra attributing intensity changes to certain component 
bands. Gaussian band shape was assumed to be a function of 
wavenumber. To obtain the best fit, four components were used 
for simulation, and each spectrum was reasonably fitted only by 
changes in the relative intensities. The band around 645 nm (green 
line) is from PC612 emission, the band around 660 nm (blue line) is 
from PC620 emission, the band around 680 nm (pink line) is from 
the APC core emission, and the band longer than 700 nm (orange 
line) might originate from vibrational band of PC rod.

The energy transfer dynamics in PBSs can be analyzed in detail 
through the changes of relative intensity of fluorescence compo-
nents. The intensity of the PC620 band gave rise to take dominate 
at 20 ps (Figure 4a), owing to the outermost location of PC620 
hexamers in PBSs. At the same time, the PC612 and APC emis-
sion were evident with its lower intensity, which indicated that 
the energy was converted to the core within 20 ps. After 40 ps, 
the intensity of the PC612 emission band quickly increased and 

became high (Figure 4b). It is obvious that the PC612 trimer is the 
energy acceptor from PC620 rods and the energy donor to APC 
core. After 80 ps, the intensity of PC612, PC620, and APC simul-
taneously increased (Figure 4c). After 120 ps, the PC612 emission 
decreased, and the decay of PC612 emission corresponded to 
the rises of PC620 and APC emission (Figure 4d). At this stage, 
the energy transfer from PC rods to PC612 was saturated be-
cause the number of PC612 trimers is much lower than that of 
PC620 hexamers, resulting in the growth of PC620 and APC emis-
sions. After 160 ps, the APC core emission continues rising with 
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PC620 emission decay quickly (Figure 4e).  
The intensity of the PC620 emission kept 
decreasing and became relatively low 
when compared to APC emission (Figure 
4f), which means most of the rod energy 
was transferred to the core. Both the PC620 
and PC612 emissions kept decreasing 
after 200 ps (Figure 4g) and almost disap-
peared after 250 ps (Figure 4h). The energy 
transfer process in the PBSs is a dynamic 
process. The absorbed solar light can be 
transferred from the rods to the core, finally 
reaching the reaction center. Meanwhile, 
the rods and the core can also emit fluo-
rescence when the chromophores in the 
rods and core obtain the energy. Thus, in 
the energy transfer process, part of the 
solar energy was transferred to the reac-
tion center, and the rest was used for fluo-
rescence emission via the chromophores. 
Although we cannot directly observe the 
energy transfer pathways in the PBSs, we 
can get the information of dynamic fluo-
rescence emission in different positions of 
the PBSs by measuring the time-resolved 
fluorescence spectroscopy, which can 
help reveal the energy transfer pathways 
and the related transfer rate. According to 
the time-resolved spectroscopy of T. 2134, 
we can see the revolution and competition 
of the fluorescence peaks, and the energy 
can be transferred to the core within 20 ps.

Fluorescence Decay-Associated Spectra
To determine the constants of fluores-
cence decay in PBSs, deconvolution 
was conducted in a global optimization 
method. The time-resolved fluorescence 
decay at different detected wavelengths 
was resolved by multiexponential decon-
volution, and the Monte-Carlo method 
was adopted to process the experimental 
data, as shown in Figure S1. 

The fluorescence decay of PBS from T. 
2134 was well-fitted with three exponentials 
of 10, 80, and 1250 ps, and the amplitudes 
of each time component are listed in Table 
I. All the time constants, except for the lon-
gest one of the terminal fluorescent emis-
sion, are a function of the time constant of 
energy transfer. The component (A%) with 
a negative amplitude corresponds to the 
uprising stage of fluorescence, indicative 
of an energy acceptor, and the compo-

nent with a positive pre-exponential cor-
responds to the downturn stage of fluo-
rescence, indicative of an energy donor.

Based on the results of the deconvolu-
tion, we obtained the FDAS. The FDAS 
can reveal the energy transfer dynamics 
among PBPs in PBSs. In FDAS, the nega-
tive and positive factors indicate the kinetic 
increase and decrease in the populations 
in the excited state, respectively. The cou-
pling of negative and positive bands was 
a clear indication of energy transfer from 
the pigments showing the positive band to 
those showing the negative band. Figure 5 
shows the FDAS from PBS from T. 2134. Ac-
cording to the FDAS results, these decay 
constants may be assigned as follows: (1) 
The fluorescence decay constant of 10 ps 
is because of the energy transfer time from 
PC612 to APC core, because its amplitude, 
shown in Figure 5, is positive in the blue 
side with a maximum around 650 nm and 
negative at the red side with a minimum 
around 680 nm. The negative amplitude 
represents the fluorescence rise term and 
indicates that energy transfer occurs from 
a donor to an acceptor. Therefore, from 
the fluorescence spectra of the PC612 
and APC core, it is reasonable to assign a 
decay time of 10 ps to the energy trans-
fer time between PC612 and APC core (2). 
The fluorescence decay constant of 80 ps 
is because of the energy transfer time from 
PC rod to the APC core and because its 
amplitude, shown in Figure 5, is positive at 
the red side with a maximum around 660 
nm, then quickly decreases and becomes 
negative at 690 nm. Holzwarth and others 
(28) also found the same energy transfer 
pathway with a time of 80–120 ps from 
the PC rod to APC, which was confirmed 
by our experiment and the analyses (3).  
Therefore, the fluorescence decay con-
stant of 1250 ps reflects the fluorescence 
emission of the APC core.

Supplementary Materials
Figure S1 shows the 
fluorescence intensity 
decay curves of PBS 
from T. 2134. Figure S1 
of this article can be 
accessed using the QR 
code to the left.
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Analysis of Elements in 
Snack Foods: A Closer Look  
at Pepperoni, Rice Noodles, 
Frozen Dinners, and Pizza 

A set of food samples with different per-
centage compositions of fats, proteins, 
and carbohydrates were digested in a 
single microwave digestion batch and 
analyzed to determine elemental con-
centrations using inductively coupled 
plasma–mass spectrometry (ICP-MS) and 
ICP-optical emission spectroscopy (OES) 
using the U.S. Food and Drug Adminis-
tration (FDA) Elemental Analysis Manual 
(EAM) 4.7 (for ICP-MS) and FDA EAM 4.4 
(for ICP-OES). Built-in software tools were 
used to streamline the analytical workflow, 
which is especially useful for new or less 
experienced users running these methods. 
Processed foods often contain high con-
centrations of some elements and trace 
amounts of others, so a wide analytical 
range is required. The ICP-MS method 
used to analyze the varied samples in this 
work was new. To ensure optimum setup 
of the ICP-MS method, semi-quantitative 
results were used to assess the solid 
content of the food digests before the 
sample preparation dilution was finalized.  
The same food samples were analyzed 
using ICP-MS and ICP-OES and the two 
methods were compared. 

Elaine Hasty, Macy Harris, Leanne Anderson, Jenny Nelson, and Greg Gilleland 

Agricultural food samples con-
tain a wide variety of trace and 
minor elements, which can vary 

depending on several factors, including 
the geographical location, soil type, agricul-
tural practices, and crop type. Along with 
the elements that have been monitored for 
decades, newly emerging contaminants 
may also be present in agricultural soil and 
other chemicals and additives that enter the 
food chain. Important emerging contami-
nants include the technology critical ele-
ments (TCEs), such as rare earth elements 
(REEs) that are used in advanced materials, 
renewable energy, batteries, consumer 
electronics, and life science applications. 
The mining, refining, use, and disposal of 
these elements may cause environmental 
contamination, which can ultimately lead to 
food contamination. 

Snack foods contain multiple ingredi-
ents and are often highly processed, with 
each ingredient and process represent-
ing a potential source of contamination.  
Although cases are rare, especially if manu-
facturers adhere to Current Good Manufac-
turing Practices (cGMP) (1), processed foods 
can become contaminated at any point dur-
ing the production, packaging, and distri-

bution process. Typically, the chemicals that 
are controlled in foodstuffs include organic 
contaminants, such as pesticide residue, 
and inorganic contaminants. According 
to the general standard for food and feed 
outlined in the Codex Alimentarius (2) pub-
lished by the Food and Agricultural Organi-
zation (FAO) and World Health Organization 
(WHO), the most concerning elements in-
clude arsenic (As), cadmium (Cd), lead (Pb), 
and mercury (Hg). The maximum levels 
(MLs) of each of these elements depend 
on the type of food, as shown in Table I.  
Codex MLs ensure food does not contain 
contaminants at levels which could threaten 
human health. Many countries base legisla-
tion on Codex standards and related texts.

To ensure foods are safe and comply with 
United States regulations and laws, the U.S. 
Food and Drug Administration (FDA) de-
velops and publishes works that describe 
analytical methods that manufacturers or 
importers can use in their laboratories. Ex-
amples include the FDA Elemental Analysis 
Manual (EAM) 4.4 for inductively coupled 
plasma–optical emission spectroscopy 
(ICP-OES) and EAM 4.7 for ICP–mass spec-
trometry (MS) (3,4). Both ICP-OES and ICP-
MS are well-established techniques, and 
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because of their multielement and high 
sample throughput capabilities, both are 
widely used in the routine measurement 
of trace elements in a wide range of sam-
ples, including foods and beverages (5–11).  
EAM 4.4 and 4.7 outline how to determine 
multiple elements in food digests prepared 
using microwave-assisted acid decomposi-
tion. The methods also outline a series of 
quality control (QC) tests to ensure instru-
ment performance and data accuracy.

To assist busy analysts who run the EAM 
methods using ICP-OES or ICP-MS, software 
tools can speed up method development, 
improve the usability of both techniques, 
and provide confidence in the results.  
Many laboratories that analyze unknown 
samples or handle a wide variety of samples 
use semi-quantitative analysis to gain a bet-
ter understanding of the sample before de-
veloping the quantitative method. Knowing 
more about the samples is useful for all ana-
lysts, but software tools that reduce some of 
the uncertainty of using ICP techniques are 
especially useful for new users.

Acquiring a full ICP-MS or ICP-OES 
spectrum adds only a few seconds to the 
quantitative measurement, but the extra 
data collected can provide valuable ad-

ditional information on the samples. As a 
technique, ICP-MS can acquire semi-quan-
titative results for as many as 78 elements in 
each sample, which provide a more com-
plete overview of the sample composition 
and confirmation of the quantitative results.  
The additional information provides cer-
tainty and confidence in the results, pre-
venting the need for remeasurements, po-
tentially saving time and resources over the 
course of the analytical sequence. 

Processed foods often contain high con-
centrations of calcium (Ca), iron (Fe), potas-
sium (K), magnesium (Mg), sodium (Na), 
phosphorus (P), manganese (Mn), copper 
(Cu), and zinc (Zn), whereas trace elements 
such as As, chromium (Cr), Cd, Pb, nickel (Ni), 
molybdenum (Mo), selenium (Se), and Hg are 
required analytes in most regulated meth-
ods, so a wide analytical range is required. 

Materials and Methods
Samples and Sample Preparation
A set of food samples with different per-
centage compositions of fats, proteins, 
and carbohydrates were measured in this 
study, including pepperoni, rice noodles, 
frozen dinner, and frozen pizza bought from 
a supermarket in North Carolina (Figure 1).

The food samples were digested 
as received, except the frozen pizza 
and frozen dinner, which were homog-
enized in a blender before sampling. 
The samples were prepared for analysis 
according to the digestion procedure 
outlined in the EAM method using a 
MARS 6 iWave closed-vessel micro-
wave digestion system (CEM Corpo-
ration). After accurately weighing the 
samples (approximately 0.5 g of food or 
SRM) into 75 mL PFA MARSXpress ves-
sel liners, 8 mL of nitric acid (HNO3) and 
1 mL of hydrogen peroxide (H2O2) were 
added to the vessel liners. Duplicates 
of the samples, standard reference ma-
terials (SRMs), and spiked samples were 
then digested in a single batch using 
the heating program shown in Table 
II. Each digestion batch can accom-
modate up to 40 varied food sample 
matrices, with a single program being 
used for all sample types. Finally, 0.5 
mL concentrated hydrochloric acid 
(HCl) was added to the digests, fol-
lowed by deionized water (DIW) to a 
final weight of 100 g. 

Analytical Sequence
Calibration standards for both ICP-MS 
and ICP-OES methods were prepared 
in 1% HNO3 and 0.5% HCl using stan-
dard solutions (environmental calibration 
standard, multielement calibration stan-
dard-1, and 1000 μg/mL single calibration 
standard for Hg, Agilent Technologies).  
For ICP-MS analysis, most elements were 
calibrated from 0.1 to 25 ppb, and Cu, Zn, 
and Mn were calibrated up to 250 ppb, 
whereas Hg was calibrated from 0.01 to 
2.5 ppb. For ICP-OES analysis, standards 
were prepared from 10 ppb to 10 ppm for 
all elements, with a 100-ppm standard for 
Ca, K, Mg, Na, and P.

For ICP-MS analysis, an internal standard 
(ISTD) solution containing 2 ppm scandium 
(Sc), germanium (Ge), rhodium (Rh), indium 
(In), terbium (Tb), lutetium (Lu), and bismuth 
(Bi) was prepared in a solution consisting 
of 1% HNO3, 0.5% HCl, and 10% isopropa-
nol (IPA). The IPA was added to ensure a 
consistent level of carbon (C) in the digests 
and calibration standards. This approach 
alleviated the concern of signal variability 
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terials (SRM) analyzed in this study.
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(a) (b)

Initial Calibration
0.1 – 25 ppb for trace elements

0.1 – 250 ppb for Cu, Zn, Mn
0.01 – 2.5 ppb for Hg

Initial QC
IDL check, ICV

MBK1-3, RM, FMB

Periodic QC
(run after every 10 samples)

CCV, CCB

Samples
Sample duplicates

Sample FAP
Sample FAP duplicates

Initial Calibration
standard blank and at least 3 standard

solution concentration levels for AI, As, 
Ba, B, Cd, Ca, Cr, Co, Cu, Fe, Pb, Mg, 
Mn, Mo, Ni, P, K, Na, Sr, Th, V, and Zn

Initial QC
IDL check, ICS
MBK1-3, RM

Periodic QC
(run after every 10 samples)

CCV, CCB

Samples
Sample duplicates

Sample FAP
Sample FAP duplicates

FIGURE 2: Analytical sequence for (a) ICP-MS and (b) ICP-OES.

that could occur for some poorly ionized 
analytes (such as As and Se) because of 
ionization enhancement in the presence 
of C. The ISTD solution was added auto-
matically to the sample and standard solu-
tion at a ratio of approximately 1:16 using a  
T-connector fitted to the sample uptake 
line that directly lead to the nebulizer. 

The ICP-OES ISTD consisted of a 2 
mg/L solution of yttrium (Y) in 2% HNO3, 
which was added in-line at a dilution of 
~1:8. The sample peristaltic pump tub-
ing was white-white (1.03 mm i.d.), and 
the internal standard was orange-green 
(0.38 mm i.d.). The standard sample in-
troduction system was used, consisting 
of a glass-concentric nebulizer and a 
double-pass, glass cyclonic spray cham-
ber. An independent check solution 
(ICS) and standard blank were analyzed 
after calibration, and a check standard 
and standard blank were analyzed every  
10 samples thereafter. 

The analytical sequences of calibration 
standards, samples, and QC solutions for 
both techniques are shown in Figure 2. 
Each EAM method specified a minimum 
number of QC samples to be analyzed 
with each batch of sample. These QC 
samples include reference materials (RM), 
fortified analytical portions (FAP), fortified 
analytical solutions (FAS), method blanks 
(MBK), fortified method blanks (FMB),  
and the number of replicates to be in-
cluded in each analytical run.

Instrumentation
The accuracy of the semi-quantitative anal-
ysis of complex sample matrices by ICP-MS 
is vastly improved if all elements are ac-
quired using helium collision cell mode to 
control polyatomic interferences. Helium 
collision cell mode is widely used to re-
move polyatomic interferences in multiele-
ment quantitative analysis. Because helium 
is a nonreactive gas, no new interferences 
are formed in the cell, whereas common 
matrix-based polyatomic interferences are 
removed using kinetic energy discrimina-
tion (KED). This makes helium mode ideally 
suited to the quantitative and semi-quanti-
tative analysis of samples with complex and 
variable major element compositions (12). 
In this study, a single quadrupole ICP-MS 

instrument (7850, Agilent Technologies) fit-
ted with an octopole-based collision–reac-
tion cell (Octopole Reaction System CRC) 
and Ultra High Matrix Introduction (UHMI) 
aerosol dilution technology was used. 

Although polyatomic ions were 
successfully removed using helium 

cell mode, some other spectral over-
laps required a different approach.  
The REEs have relatively low second 
ionization potentials, so they can 
form a small percentage of doubly 
charged ions (M2+) in the plasma along 
with the normal single-charged (M+) 

Element

Mn

257.610

259.372

293.931

293.305

Used Flags Wavelength Rating Concentration Intensity Background
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Green Check marks indicate the
best wavelength for analysis of
this element for this sample.
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this wavelength.

****
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***
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Analyte: Mn(259.372)
Con�dence: very weak

Interference: Fe(259.373)
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FIGURE 3: Information for manganese (Mn) in a beef jerky sample. The ICP-
OES IntelliQuant data automatically produces a star ranking system for wave-
lengths. This information enables the analyst to easily identify the best wave-
lengths and what wavelengths to avoid.

Darkest red: >100 ppm

Dark red: 1 to 100 ppm

Red: 10 ppb to 1 ppm

Light red: <10 ppb

Pink: Concentration below minimum
count rate cut off

Grey: ISTD or unmeasurable
elements 

FIGURE 4: Periodic table heat map view of ICP-MS semiquantitative data ac-
quired for powdered doughnut, showing a high concentration of titanium.
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ions. Doubly charged ions appear 
at half their true mass in the ICP-MS 
mass spectrum because the quadru-
pole mass filter separates ions based 
on their mass-to-charge ratio (m/z).  
Therefore, REEs, such as neodymium 
(Nd), samarium (Sm), gadolinium (Gd), 
and dysprosium (Dy), which have iso-
topes at masses 150, 156, and 160, will 
form M2+ ions at m/z 75, 78, and 80, re-
spectively. If the REEs are present at a 
high enough concentration in a sam-
ple, these REE2+ ions can interfere with 
the measurement of the normal ana-
lytical isotopes of As and Se. The EAM 
4.7 ICP-MS method recommends that 
analysts measure 146Nd, 147Sm, 155Gd, 
and 163Dy to monitor the potential over-
laps on 75As and 82Se. When analyzing 
unknown or new samples types, the 
REE content can be quickly and sim-
ply assessed using the IntelliQuant 
semi-quantitative analysis function of 
ICP-MS MassHunter software (version 
4.6 and later). If a high concentration 
of REEs is expected or identified fol-
lowing the semi-quantitative analysis, 
a method wizard within the software 
can set up an automated function to 
correct for the contribution that REE2+ 
ions make to the signals measured for 
As and Se.

In this study, the semi-quantitative data 
were calculated from a full mass quick scan 
spectrum acquired as part of the quanti-
tative analysis, with only two seconds of 
additional measurement time. The semi-
quantitative results provide valuable infor-
mation about the elemental content of food 
samples, including:
• The full elemental composition of each 

sample. The results can be displayed 
in a table of concentrations or as a pe-
riodic table heat map, enabling a quick 
overview and easy comparison of each 
sample’s composition (Figure 4).

• Identifying the presence of unexpected 
major or trace elements not included in 
the quantitative analysis and identifying 
contamination during sample prepara-
tion. For example, the relatively high 
concentration of Ti identified in the 
powdered doughnut from the periodic 
table heat map shown in Figure 4 might 

TABLE I: Codex MLs for toxic elements in some different food types (not an 
exhaustive list)

Maximum Level (mg/kg)

Food Type As Cd Pb Hg

Edible fats and oils 0.1 0.08

Fat spreads and 
blended spreads 0.1 0.04

Canned foods (fruit 
and vegetables) (0.1)

Canned beverages

Natural mineral waters 0.01 0.003 0.01 0.001

Rice, husked 0.35

Rice, polished 0.2 0.4

Cereal grains (wheat) - 0.1 (0.2) 0.2

Salt, food grade 0.5 0.5 1 0.1

Cured meats

Vegetables 0.05 to 0.2 0.05 to 0.3

Fruits - - 0.1 to 0.2

Chocolate (>70% 
cocoa) 0.8 (0.9)

Infant formula 0.01

Milk 0.02

Fish 0.3

TABLE II: Microwave digestion parameters 

Power (W) 1800

Ramp Time (min) 25

Hold Time (min) 15

Temperature (°C) 200

TABLE III: Total matrix solids data for four food samples (n = 2, in duplicate 
and corrected for dilution) obtained by the TMS function of ICP-MS software

Conc 
(ppm)

Beef 
Jerky

Frozen 
Dinner

Gummy 
Bears Pepperoni Pizza Rice 

Noodles

TMS 36433 5553 768.2 20924 7721 2308

TABLE IV: ICP-MS operating conditions. The parameters are set automati-
cally by the software. Higher energy helium mode gives ppt detection limits 
for selenium, eliminating the need for a separate reaction gas mode.

ICP-MS Parameter Setting

RF power (W) 1600

Sampling depth (mm) 10

Carrier gas flow (L/min) 0.6

Dilution (UHMI) gas flow (L/min) 0.35

Lens tune Autotune

Helium cell gas flow (mL/min) 4.3 (10 for Se)

Energy discrimination (V) 5 (7 for Se)



http://www.agilent.com/chem/atomic
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be unexpected. It was likely because of 
TiO2 in the white frosting, but the full mass 
IntelliQuant spectrum can be used to un-
equivocally confirm the element from its 
isotope pattern.

• An estimation of the total matrix solids 
(TMS) level for each sample run, or for a 
typical sample of a new sample batch.

• The TMS function uses the semi-quanti-

tative data to calculate the approximate 
solids levels of a sample. 
The calculation excludes gas elements, 

such as argon (Ar), oxygen (O), and nitro-
gen (N), together with C, P, sulfur (S), and 
the halides, ensuring a more accurate re-
sult. To simplify method setup and ensure 
the best possible accuracy for uncalibrated 
elements, the semi-quantitative data (and 

TMS calculation) uses a mass response 
profile generated from the quantitative 
calibration standards. The TMS function is 
a great diagnostic tool in identifying possi-
ble causes of internal standard suppression.  
It is especially useful when dealing with un-
known and potentially difficult food sample 
matrices by helping the analyst to decide if 
a sample needs to be diluted or a higher 
HMI setting is needed. The measured TMS 
levels for the samples analyzed in this study 
are shown in Table III.

Based on the TMS levels in these food 
sample types (Table III), the plasma mode 
of “HMI-4” was selected. HMI applies an 
additional flow of Ar gas to dilute the sam-
ple aerosol by a factor of four times. This 
“aerosol” dilution method saves the analyst 
from having to manually dilute samples,  

TABLE V: ICP-OES operating conditions

ICP-OES Parameter Setting

RF power (kW) 1.20

Replicate read time (s) 10 

Pump rate (rpm) 12 

Nebulizer flow 0.7

Background correction Fitted

TABLE VI: Mean measured concentrations in three food SRMs corrected for dilution. Mean calculated from two 
separate digests, each measured twice in triplicate.

NIST 1546a Meat Homogenate NIST 1549 Non-Fat Milk Powder NIST 2385 Slurried Spinach

Cert, 
Conc.
(mg/
kg)

Mean 
Meas. 
Conc. 

(mg/kg)

Recovery  
(%)*

QC 
**

Certified 
Conc.

(mg/kg)

Mean 
Meas. 
Conc. 

(mg/kg)

Recovery  
(%)* QC **

Certified 
Conc.

(mg/kg)

Mean 
Meas. 
Conc. 

(mg/kg)

Recovery
(%)*

QC 
**

Element (mass) ICP-MS data
52Cr     0.0026 <DL      
55Mn 0.286 0.285 100 Pass 0.26 0.269 103 Pass 3.81 3.65 96 Pass
63Cu 0.605 0.602 100 Pass 0.7 0.748 107 Pass 0.90R 0.818 (91) - 
66Zn 17.88 19 106 Pass 46.1 42.4 92 Pass 8.37 7.94 95 Pass
78Se 0.281 0.301 107 Pass 0.11 0.118 107 Pass     
98Mo 0.016R 0.019 (119) -         
111Cd     0.0005  <DL      
201Hg     0.0003 <DL      

PbA     0.019 0.022 116 Pass     

Element (wavelength, nm) ICP-OES data

Na  
(589.592) 47R 47 (87) - 4970 4915 99 Pass 47 42 89 Pass

Mg  
(279.553) 368 375.4 102 Pass 1200 1121 93 Pass 178 204.4 115 Pass

K  
(766.491) 3650 3547.7 97 Pass 16900 15875 94 Pass 2490 2631 106 Pass

Ca  
(396.847) 624 555.9 89 Pass 13000 12932 99 Pass 624 508 81 Pass

P  
(213.618) 323.7 346.91 107 Pass 10600 10806 102 Pass     

* FDA Elemental Analysis Manual (Section 3.4 Special Calculations) 3.4 Equation 20 
** QC criteria FDA EAM 4.7 (80–120%) for NIST certified values
R Non-certified reference value
APb results were based on the sum of the signals measured at mass 206, 207, and 208.
<DL, too low to be quantified
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which saves time and reduces the chance of introducing errors or 
contaminants. When HMI is used, all related settings are auto-tuned 
for the matrix levels of the target sample types. For ease of setup, 
other instrument operating settings were optimized automatically 
using the auto-tune function of the instrument control software.  
Also contributing to the ease of method setup, all quantitative 
analytes and the quick scan measurement were acquired in helium 
mode. Instrument operating conditions are listed in Table IV.

For ICP-OES analysis, semi-quantitative data was acquired using 
a function of the Agilent ICP Expert software known as IntelliQuant 
Screening. The software automatically makes wavelength recom-
mendations for analytes based on the elemental composition of 
a sample and any potential spectral interferences that may arise 
from the sample matrix. An example for a beef jerky sample is given 
in Figure 3. The data shows a Fe interference on Mn 259.372 nm, 
accounting for the high concentration of Mn measured using the 
259.372 nm line. In the software (Figure 3), Mn 257.610 nm was given 
the highest confidence ranking (five stars) so was selected for the 
quantitative method. Having access to this type of wavelength in-
formation makes it easier for the analyst to have confidence in the 
results that they report.

The ICP-OES sample analysis was conducted per FDA EAM-4.4 
for 22 elements using an Agilent 5900 ICP-OES operating in syn-
chronous vertical dual-view (SVDV) mode. SVDV mode allows for 
both the axial and radial light to reach the detector at the same time. 
Eliminating the need for separate plasma views shortens analysis 
times while maintaining low limits of detection (LOD) from axial view 
and the greater linear range for major cation elements from the 
radial view. The ICP-OES plasma parameters are shown in Table V.

Results
Quality Control Criteria in EAM 4.4 and 4.7
To verify the sample digestion process, two sets of the three 
NIST SRMs were analyzed in duplicate using ICP-MS and  
ICP-OES. As shown in Table VI, the mean concentrations 
were in agreement with the certified concentrations, meet-
ing the QC criteria requirements of the FDA EAM method of 
80–120%. Because not all SRMs are certified for all analytes, 
blank cells indicate the absence of a certified or reference value.  
There are no certified values for As, Ni, and thallium (Tl), 
which are listed in EAM 4.7.

The detection limits in Table VII were calculated from three 
times the standard deviation of 10 measurements of the cali-
bration blank. Per the EAM methods, minimum QC require-
ments were included in each analytical run. For ICP-OES, all 
FAP samples were spiked at 0.05 ppm, and the recoveries are 
shown in Table VII. For samples with higher naturally occurring 
concentrations, the 0.05 ppm spike results were not reported. 
For ICP-MS, the same samples were spiked with all elements 
at 1 or 50 ppb and measured using ICP-MS. For samples 
that had naturally occurring elemental concentrations below  
5 ppb, a 1 ppb spike is reported. For samples with higher 
naturally occurring concentrations, the 50 ppb spike results 
are reported. The recoveries for all elements in the fortified 

food samples were within the EAM method QC criteria of 
±20%, as shown in Table VII.

Quantitative Results for Food Samples 
Dilution corrected quantitative results obtained using ICP-MS are 
given in Table VII (beef jerky and gummy bears), and Table VIII 
shows the dilution corrected quantitative results for frozen dinners, 
pepperoni, pizza, and rice noodles. In addition to the 12 elements 

Beef Jerky 1_2

FIGURE 5: Periodic table heat map view of ICP-OES semi-
quantitative data showing relative concentrations of ele-
ments (ppm) in beef jerky.
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TABLE VII: Detection limits and concentration and spike recovery results for two food samples. The mean recovery re-
sults are based on the analysis of replicate sample digests and each run-in duplicate on the ICP-OES and ICP-MS. n = 2.

Quantitative Results
Fortified 
Method 
Blank

Fortified 
Analytical Portion 

(Beef Jerky)

Fortified Analytical 
Portion (Gummy Bears)

Element and 
wavelength (nm)

Detection 
Limit Beef Jerky Gummy 

Bears 0.05 ppm spike

mg/kg Mean Recovery ± 1σ (%)

Al 396.152 0.0009 4.1 ± 0.2 1.4 ± 0.4 104 109 98

As 188.980 0.0016 <DL <DL 100 103 93

B 249.772 0.0011 0.7 ± 0.1 <DL 109 107 101

Ba 493.408 0.0001 0.7 ± 0.1 <DL 111 104 102

Ca 315.887 0.0006 321.8 ± 14.7 165.1 ± 4.6 109 * *

Cd 214.439 0.0002 <DL <DL 103 98 95

Co 230.786 0.0003 <DL <DL 103 98 97

Cr 267.716 0.0003 0.1 ± 0.0 0.2 ± 0.0 107 101 99

Cu 327.395 0.0003 1.5 ± 0.1 0.1 ± 0.0 107 105 102

Fe 238.204 0.0002 57.8 ± 2.1 2.1 ± 0.0 105 85 97

K 766.491 0.0272 6121.4 ± 322.9 51.1 ± 4.7 * * *

Mg 280.270 0.0001 557.9 ± 19.6 5.7 ± 0.1 109 * 105

Mn 257.610 0.0002 2.9 ± 0.2 <DL 107 100 99

Mo 202.032 0.0005 <DL <DL 109 104 100

Na 589.592 0.0057 14197.4 ± 
1718.4 399.3 ± 21.8 90 * *

Ni 231.604 0.0006 0.4 ± 0.1 <DL 107 102 98

P 213.618 0.0027 3857.8 ± 151.0 35.2 ± 1.5 * * *

Pb 220.353 0.0010 <DL <DL 107 97 98

Sr 407.771 0.0002 1.8 ± 0.1 0.9 ± 0.0 110 100 100

Tl 190.794 0.0096 <DL <DL 107 97 98

V 292.401 0.0003 <DL <DL 107 103 99

Zn 206.200 0.0003 88.4 ± 1.6 <DL 102 91 97

Element μg/kg 1.0 ppb spike
27Al 0.091 3700 1390 101 * 117 * 114 *
51V 0.078 <DL <DL 96 104 113
52Cr 0.021 107 162 101 110 102
55Mn 0.095 2630 31.6 99 90 100
56Fe 0.068 54200 1210 98 * 89 * 111 *
59Co 0.002 1.0 1710 101 99 104
60Ni 0.025 259 <DL 102 101 104
63Cu 0.572 1250 157 100 * 110 * 94
66Zn 0.146 82400 <DL 94 * 88 * 105
75As 0.008 13.2 <DL 93 98 94
78Se 0.031 476 <DL 98 95 103
95Mo 0.093 47.7 7.60 99 98 97
111Cd 0.003 31.6 6.50 97 102 96

*Samples with higher naturally occurring concentrations. APb results were based on the sum of the signals measured at mass 206, 207, and 208.

● Continued on Page 45
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TABLE VII (CONTINUED): Detection limits and concentration and spike recovery results for two food samples. The mean 
recovery results are based on the analysis of replicate sample digests and each run-in duplicate on the ICP-OES and 
ICP-MS. n = 2.

Quantitative Results
Fortified 
Method 
Blank

Fortified 
Analytical Portion 

(Beef Jerky)

Fortified Analytical 
Portion (Gummy Bears)

Element and 
wavelength (nm)

Detection 
Limit Beef Jerky Gummy 

Bears 1.0 ppb spike
Element μg/kg
121Sb 0.006 2630 <DL 90 93 89
137Ba 0.012 577 9.70 96 95 106
201Hg 0.003 <DL <DL 97 84 82
205Tl 0.070 <DL <DL 88 88 100

PbA 0.003 9.50 <DL 97 101 102

*Samples with higher naturally occurring concentrations. APb results were based on the sum of the signals measured at mass 206, 207, and 208.

specified in EAM 4.7, data is provided for 
aluminum (Al), vanadium (V), Fe, cobalt (Co), 
antimony (Sb), barium (Ba), thorium (Th),  
and uranium (U). Per the Codex elements 
of concern, the concentrations for As (4.4 to 
89.2 μg/kg), Cd (6.5 to 39.4 μg/kg), Pb (6 to 
9.5 μg/kg), and Hg (below detection limit) in 
all snack foods were below any of the Codex 
MLs (Table I). The high concentration of Al 
in the pizza sample, which is likely because 
of an Al food additive, agrees with the litera-
ture values (13).

Periodic Table View of  
Elements in Food Samples
ICP-MS and ICP-OES methods can both 
be set up to acquire and process semi-
quantitative data in addition to quantita-
tive data acquisition. The ICP-MS quick 
scan function used in this study acquires full 
mass-spectrum data for every sample with 
only 2 s of additional measurement time.  
Because the data is acquired in helium 
collision cell mode, analytes are free from 
common polyatomic ion overlaps, ensur-
ing the quality of the results. For ICP-OES, 
the detector and comprehensive database 
of wavelengths allows the software to pro-
vide real-time sample insights based on 
each individual spectrum. In both cases, 
the results can be displayed in a table or 
as a color-coded periodic table heat map, 
showing the approximate concentration 
of all elements present in a sample.

Figure 4 shows an ICP-MS IntelliQuant 
heat map for powdered doughnuts.  
The color intensity indicates the concen-

tration ranges of elements in the sample, 
with a darker color indicating a higher 
concentration of that element. The semi-
quantitative data provides a complete 
picture of the elements present in the 
sample, as data can be reported for ele-
ments not included in the calibration stan-
dards, which is demonstrated by the high 
concentration of titanium (Ti), labeled as 
food additive “TiO2” on the packaging. 
The semi-quantitative result for Ti in the 
doughnut samples was ~90 ppm.

Figure 5 shows an ICP-OES generated 
periodic table heat map with estimated 
concentrations of elements in a beef jerky 
sample. The color-coding used to repre-
sent the concentration range for the ele-
ments is user adjustable.

Conclusions
Like many analytical laboratories, food 
testing facilities are under pressure to 
increase productivity while ensuring data 
quality, compliance, and audit controls, 
which can be challenging for staff who 
may be expected to analyze more sam-
ples each day or operate instrumentation 
that is not familiar to them. It is useful if the 
instrumentation they use is as intuitive as 
possible and any reference or regulated 
methods can be implemented quickly, 
especially by new users. 

In this article, we have shown how soft-
ware tools available for ICP-MS and ICP-
OES can help analysts to simplify method 
setup and reduce the potential for errors. 
Software functions, such as IntelliQuant, 

can also provide valuable information 
on sample composition and additional 
analytes beyond the regulated method 
requirements. These capabilities are 
demonstrated for the analysis of various 
foods that were prepared and analyzed in 
accordance with the U.S. FDA EAM meth-
ods 4.4 and 4.7. None of the snack foods 
were found to contain potentially harm-
ful contaminant elements above Codex 
maximum levels of concern.
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TABLE VIII: ICP-MS and supplemental ICP-OES quantitative data for food products 

ICP-MS
All Conc. (μg/kg) Frozen Dinner Pepperoni Pizza Rice Noodles

27Al  825.3 ± 68.2 3250.4 ± 152.3 153992.1 ± 275.4 5234.6 ± 679.0
52Cr  75.6 ± 5.1 679.5 ± 67.3 111.1 ± 6.7 140.4 ± 18.6
55Mn  1607.7 ± 66.2 5347.0 ± 213.7 3721.7 ± 24.7 23037.3 ± 147.2
56Fe 4789.5 ± 66.3 13572.5 ± 93.2 24238.1 ± 710.4 12403.7 ± 195.0
59Co <DL <DL <DL 58.0 ± 20.8
60Ni 54.8 ± 2.7 69.2 ± 5.5 123.0 ± 21.5 252.1 ± 36.4
63Cu 342.7 ± 11.4 794.2 ± 33.6 795.6 ± 16.2 2050.0 ± 23.9
66Zn 4397.1 ± 80.1 25725.5 ± 311.2 10806.1 ± 105.1 18933.5 ± 96.5
75As 4.4 ± 0.6 5.4 ± 0.2 7.8 ± 0.4 89.2 ± 0.9
78Se* 48.3 ± 1.5 349.6 ± 13.5 99.1 ± 2.0 48.0 ± 1.7
95Mo  68.0 ± 1.2 31.9 ± 1.9 204.7 ± 9.0 338.3 ± 4.5
111Cd  24.0 ± 1.1 23.6 ± 0.5 39.4 ± 1.4 28.1 ± 0.3
121Sb  <DL <DL <DL <DL
137Ba  487.6 ± 4.0 127.5 ± 6.2 944.7 ± 11.8 1869.7 ± 39.4
201Hg  <DL <DL <DL <DL
205Tl <DL <DL <DL <DL

PbA  <DL 7.0 ± 0.1 <DL 6.3 ± 1.6
232Th <DL <DL <DL <DL
238U <DL <DL <DL <DL

ICP-OES
All Conc (mg/kg) Frozen Dinner Pepperoni Pizza Rice Noodles

B 249.772 <DL <DL 0.3 ± 0.0 0.2 ± 0.0

Ca 315.887 220.7 ± 21.7 218.0 ± 5.4 960.2 ± 21.2 95.4 ± 2.7

Fe 238.204 5.4 ± 0.1 15.1 ± 0.2 26.9 ± 0.8 13.7 ± 0.2

K 766.491 826.8 ± 7.2 2834.2 ± 168.3 1341.5 ± 7.9 1003.4 ± 3.9

Mg 280.270 125.7 ± 0.3 267.2 ± 12.6 247.0 ± 0.5 951.1 ± 3.0

Na 589.592 2129.8 ± 26.1 7660.7 ± 445.4 2233.7 ± 6.1 14.1 ± 0.5

P 213.618 865.7 ± 6.4 1988.8 ± 59.5 1695.8 ± 5.8 2320.1 ± 8.5

Sr 407.771 0.5 ± 0.0 1.0 ± 0.0 1.6 ± 0.0 0.6 ± 0.0

V 292.401 <DL <DL <DL <DL
A Pb results were based on the sum of the signals measured at mass 206, 207, and 208.

https://www.fda.gov/food/science-research-food/total-diet-study
mailto:jenny.nelson@agilent.com
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TUTORIAL

Errors and Mistakes to Avoid 
when Analyzing Raman Spectra

Oleg Ryabchykov, Iwan Schie, Jürgen Popp, and Thomas Bocklitz

Raman spectroscopy is an in-
elastic scattering process on a 
quantified energy system where 

vibrational energy levels are typically mea-
sured. The technique provides an indirect 
measurement of vibrational energy levels 
within the sample and hence can charac-
terize the biochemical composition of a 
sample. Normally, Raman spectroscopy 
is applied in a label-free manner, in con-
trast to using fluorescence labels, surface-
enhanced Raman spectroscopy (SERS) la-
bels, or Raman tags. The unlabeled Raman 
measurement provides a characteristic and 
phenotypical molecular fingerprint of the 
sample. In combination with artificial intelli-
gence (AI) methods, such as chemometrics 
and machine learning, this fingerprint can 
be translated into high-level information. 
Because of the weakness of the Raman 
effect, AI-based data analysis pipelines 
are constructed, which aim at correcting, 
standardizing, and purifying the Raman 
data before the translating of high-level 
information can take place.

Data Analysis Pipeline  
for Raman Spectra
The data analysis pipeline for Raman spec-
tra contains a sequence of algorithms 
to correct, standardize, and purify the 
measured Raman data. The data analy-
sis pipeline starts with correcting cosmic 
spikes originating from high-energy 
cosmic particles or their secondary par-
ticles. Sometimes, other artifacts, such as 

fixed pattern noise, are removed as well.  
The next step deals with the wavelength, 
wavenumber, and intensity calibration.  
The first two calibration steps aim to 
generate a stable wavenumber axis with 
respect to the excitation wavelength. 
Generating a stable wavenumber is nec-
essary because in Raman spectroscopy 
a relative measurement with respect to 
the excitation wavelength is performed.  
The intensity calibration aims at generat-
ing setup-independent Raman spectra by 
correcting the spectral transfer function of 
optical components, such as lenses, filters, 
dispersive elements, and the quantum ef-
ficiency of the detector. After this step, 
multiple preprocessing methods are ap-
plied, which further standardize the data. 
This preprocessing block typically con-
tains a baseline correction, because the 
Raman effect overlaps energetically with 
fluorescence. Thereafter, a denoising and 
a normalization step are applied to make 
spectra from different measurement days 
comparable. Denoising is not always ap-
plied, but the mixed Poisson–Gaussian 
noise needs to be considered in the se-
lection of the algorithm. Finally, a feature 
extraction or dimension reduction (such 
as principal component analysis, or PCA) is 
applied. The selected features are further 
analyzed using classical machine learning 
or chemometric models. These last two 
steps can be combined with deep learning 
methods. Finally, these machine learning 
or deep learning models included in the 

whole data analysis pipeline are evaluated 
to judge the generalization performance 
of the models; that is, its performance on 
a new data set. Finally, the models are in-
terpreted with visualization approaches.

Mistakes While  
Analyzing Raman Spectra
The above described data analysis 
pipeline is described elsewhere (1) and 
sometimes there are changes in the or-
dering of the algorithms based on re-
searchers’ idea of their data. Neverthe-
less, here we want to focus on specific 
problems or mistakes that should be 
avoided. These mistakes are shown in 
Figure 1 and these potential mistakes 
are explained in more detail below.

Mistake #1: Absence of  
Independent Samples
The first critical issue is sample size plan-
ning, which is important because a suf-
ficient quantity of independent data is 
needed to training and test data-driven 
AI models. It is advisable to measure at 
least three independent replicates in cell 
studies (five is preferable) and roughly 
20–100 patients for diagnostic studies 
(2), which is especially important for the 
model evaluation, as discussed further in 
this tutorial (see mistake #6).

Mistake #2: Skipping Calibration 
Generally, it is advisable to measure a 
wavenumber standard like 4-acetami-
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dophenol with a high number of peaks 
in the wavenumber region of interest.  
These measurements can be used to con-
struct a new wavenumber axis for each 
measurement day, which is subsequently 
interpolated to a common and fixed 
wavenumber axis (3). If this wavenumber 
(wavelength) calibration is not performed, 
systematic drifts in the measurement sys-
tem overlap with possible sample related 
changes. An optimal spectrometer cali-
bration is focus of ongoing research, but a 
white light measurement should be done 
every week or when the setup is modi-
fied. If these spectra (wavenumber stan-
dard or white light spectra) are not used 
for calibration, they can act as quality  
control measurements.

Mistake #3:  
Over-Optimized Preprocessing
Because Raman spectra overlap with 
fluorescence and the fluorescence 
background can be 2–3 orders more in-
tense than the Raman bands, a baseline 
correction or other approach, like per-
forming the derivative, is important (4). 
Nevertheless, it is hard so select good 
parameters of the baseline correction 
and a grid search or optimization should 
be performed. To avoid overfitting, it is 
preferable to utilize spectral markers as 
the merit of such optimization rather than 
the performance of the model. 

Mistake #4: Performing  
Spectral Normalization  
Before Background Correction
Sometimes, it is seen that spectral nor-
malization is performed before the back-
ground correction, resulting in a strong 
bias of the normalized Raman spectra. 
The fluorescence background and its in-
tensity are coded within the normalization 
constant and hence every model might 
be biased. This issue should be avoided. 
Baseline correction needs to be done be-
fore normalization is performed.

Mistake #5: Selecting 
an Unsuitable Model 
Depending on the number of indepen-
dent measurements, the model and its 
complexity should be selected. For large 

independent data sets, modeling with 
a highly parameterized model such as 
a deep learning model can and should 
be applied. If the data set contains 
only a few independent observations,  
low-parameterized models should be 
used, such as linear models. 

Mistake #6: Model Evaluation Errors
Another mistake that is often seen relates 
to the model evaluation (cross-validation 
or training validation). It is paramount that 
the different data sets within the valida-
tion be independent. To fulfill this require-
ment, biological replicates or patients, 
which act as independent measurements, 
need to be in either a training, validation, 
or test data subset. If this requirement is 
violated, the model and its performance 
is highly overestimated. In a previous 
study, we could show that a model with 
60% classification accuracy, which was 

evaluated reliably (replicate-out cross-
validation), was overestimated to nearly 
100% classification accuracy with normal 
cross-validation (5). The main problem 
that can arise is an information leakage 
between the data sets that leads to a bias 
in the model performance estimation.

Mistake #7: P-value hacking
The last mistake that is often encoun-
tered is when a statistical analysis is 
performed on band intensities. If multi-
ple Raman intensities are tested, then a 
Bonferroni correction that accounts for 
the alpha-error cumulation is needed. 
This issue occurs when 100 tests are 
performed, roughly five are positive 
by chance alone if an error probabil-
ity of 95% is used. The second point is 
that a t-test is normally not applicable 
because the assumptions are not meet. 
Therefore, nonparameterized alterna-

DoE sample size
planning

calibration

baseline
correction

appropriate
model

signi�cance
testing

train and test
validation

p < 0.05

pi < a/n

FIGURE 1: A visualization of the mistakes within the data analysis pipeline 
for Raman spectra. The mistakes are indicated in the arrow with respect to 
the location within the data analysis pipeline. The mistakes may arise from 
the sample size planning, which should determine enough independent ob-
servations. Thereafter, a wavenumber, wavelength, and intensity calibration 
are performed. The baseline correction is important, but the normalization 
should be done after the baseline correction. The complexity of the model 
is linked to the number of independent observations and the model should 
not be too complex. Thereafter, an unbiased estimation of the model gen-
eralizability is needed, which requires a cross-validation (or test validation)  
over independent measurements. Finally, the multiple testing problem needs 
to be corrected for and the correct statistical tests need to be applied.
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tive tests like the Mann-Whitney-Wil-
coxon U test should be used.

Conclusion
These seven mistakes are often seen in 
publications about Raman spectroscopy 
and should be avoided, because they 
affect the final performance estimate of 
the model. These biased performance 
estimates need to be interpreted with 
caution, especially when Raman spectros-
copy together with AI-based modeling is 
used in real world applications such as 
clinical diagnostics. 
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PRODUCTS & RESOURCES

UV-vis-SWIR Spectrometers
BaySpec’s SuperGamut 
spectrometers are 
designed for ultraviolet-
visible–short-wave infrared 
spectroscopy (UV-vis–
SWIR). According to the 
company, the spectrom-
eters use a volume phase 
grating as the spectral 
dispersion element and a 
CCD array detector as the 
detection element, providing high-speed parallel processing 
and continuous spectral measurements.  
BaySpec, Inc., San Jose, CA www.bayspec.com  

Fluorine analyzer
The ProfilerF analyzer 
from Metrohm is designed 
as an analytical tool that 
quantifies all fluorine (both 
organic and inorganic 
fluoride in solution)  
to define the total impact 
of per- and polyfluoroalkyl 
substances (PFAS) 
contaminants. According to the company, the analyzer can 
help researchers understand the total organic fluorine profile, 
and the detrimental impact these compounds can have on 
the environment and human health.  
Metrohm USA, Riverview, FL. www.metrohm.com

UV-vis Spectrometers
Ocean Insight’s SR series 
of UV-visible spectrom-
eters are designed to 
provide high-speed acqui-
sition and signal-to-noise 
performance for low 
concentration and other 
measurements. According 
to the company, the spec-
trometers ensure thermal 
stability and low unit-to-unit variation, and features  
include interchangeable slits, indicator LEDs, and simple  
device connectors.  
Ocean Insight, Orlando, FL. www.oceaninsight.com

ATR crystals
REFLEX Analytical’s attenu-
ated total reflectance (ATR) 
crystals, commonly referred 
to as internal reflection ele-
ments (IREs), include trape-
zoids, parallelograms, prisms, 
hemispheres, and rods for 
reflectance accessories, circle 
cells, tunnel cells, jet stream 
cells, and probes. According 
to the company, a repolishing service for salvageable ATR 
elements to support existing ATR accessories is available. 
REFLEX Analytical Corporation, Ridgewood, NJ.  
https://www.reflexusa.com/noname.html
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The C-Flow’s unique, two-piece design is made possible by Savillex’s 
expertise in fl uoropolymer injection molding, allowing for precise 
manufacturing and higher, more consistent performance than any other 
PFA nebulizer. 

Savillex C-Flow Nebulizers
Consistent Nebulizer-to-Nebulizer Performance.

Don’t Settle for Less.

Options to suit virtually every ICP-MS application – conventional sample 
introduction systems and desolvators 

Unmatched sensitivity in normal and cool plasma modes  

Convenient, demountable uptake lines

Savillex
www.savillex.com

Providing clean, innovative solutions that are trusted for
the most challenging life sciences and technology applications.

http://www.savillex.com
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The IRIS
A single-reflection diamond 
ATR. With IRIS you can expect 
high-quality spectra covering a 
wide range of samples including 
powders, gels, liquids and solids. 
IRIS is ideal for research, QA/QC 
and sample identification. 

ATR
BY PIKE TECHNOLOGIES

AutoATR
An automated ATR 
accessory. Up to 24 
unique measurements 
in a single run. Spectra 
comparable to a single 
reflection diamond ATR.

Suitable for liquids, 
pastes, gels and casted 
samples—great for rapid 
calibration development 
and validation.

VeeMAX III
A variable-angle 
accessory. Great for the 
study of layered samples, 
coatings, release agents, 
monolayers on silicon 
and spectroelectro-
chemistry.

An automated version 
provides easy, fast and 
efficient workflow.

The AutoATR. The VeeMAX III.

http://www.piketech.com
http://www.piketech.com
mailto:info@piketech.com
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