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News Spectrum

Pittsburgh Spectroscopy Award Presented
to Yukihiro Ozaki at Pittcon 2019

Yukihiro Ozaki, a former professor in the Department

of Chemistry at the School of Science and Technology

at Kwansei Gakuin University in Japan, received the
Pittsburgh Spectroscopy Award during a symposium at
Pittcon 2019 in Philadelphia, Pennsylvania. He has been
active in molecular spectroscopy for the last four decades.

Ozaki received his BS, MS, and PhD degrees from Osaka
University. He has published more than 1000 manuscripts
and publications, and his papers have been cited more than
26,000 times. His research has focused on basic studies and
applications of Raman, infrared (IR), near-infrared (NIR), far-
ultraviolet (FUV), and terahertz (THz) spectroscopy.

After the award presentation, Ozaki gave a talk on
attenuated total reflection (ATR), titled “Frontiers of
ATR-Far-Ultraviolet Spectroscopy.” He described the
development of an ATR-FUV spectrometer for the
wavelength range from 140 to 300 nm. This spectrometer
has enabled Ozaki and his team to measure the spectra
of liquid and solid samples in the complete FUV region,
without facing problems such as peak saturation.
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Wolfgang Petrich Receives Coblentz Society
Williams-Wright Award

The Coblentz Society Williams-Wright Award was
presented to Wolfgang Petrich of Roche Diabetes Care
GmbH and Heidelberg University, at Pittcon 2019, in
Philadelphia, Pennsylvania. The award recognized
Petrich for his work in the development and application
of biomedical applications of infrared-based clinical
laboratory instrumentation in the fields of metabolism,
rheumatology, cardiology, and veterinary medicine, as
well as pioneering applications of quantum cascade laser
technology to biology and medicine.

Petrich, who studied physics at Heidelberg University in
Germany, and at ETH Zurich in Switzerland, received his PhD
from the Max Planck Institute for Nuclear Physics (Heidelberg,
Germany) for research in atomic physics and quantum optics.
He joined the medical diagnostics industry in 1996, and
made substantial contributions to applied biomedical optics,
principally infrared, Raman, and fluorescence spectroscopy.

Following the presentation of the award, Petrich gave a
talk on biomedical vibrational spectroscopy that provided an
overview of recent advances and achievements. m

MARKET PROFILE: LASER-INDUCED BREAKDOWN SPECTROSCOPY

Because of the manner in
which samples are analyzed
in laser-induced breakdown
spectroscopy  (LIBS), the
applications for this technique
seem endless. For the life =
sciences, some applications [ g

iy

include noninvasive analysis /'\?ﬁ’ \
of human hair and teeth, Petroleum o

cancer tissue  diagnosis, 15%
bacterial or viral identification,
and  detection of  bio-
aerosols and biohazards. For
environmental purposes, LIBS
can be used to analyze soils
and minerals in geology, mining and construction, and air
and water quality. Additionally, it can be used to control
industrial sewage and exhaust gas emissions. LIBS can also
be used in industry for in situ metal melting control, control of
steel quality, and 2D mapping of metal alloys.

Much development has occurred during the past de-
cade to take LIBS technology to new heights, if not the
next level. In 2012, applications for aerospace became
successful when the Mars Science Laboratory mission
bought ChemCam, a LIBS instrument with contributions
from JPL and Ocean Optics, to the surface of Mars. In
a recent development, LIBS has seen the introduction
of double-pulsed laser systems to distinguish between
orthogonal and perpendicular configurations. This ad-
vancement is useful in conducting analysis in liquids,
as the initial laser pulse forms a cavity bubble in which

Other

Forensics — L
9%

Life Science
17%

LIBS demand by end-market for 2018.

the second pulse acts on the
evaporated material.

The total market for LIBS
spectrometers was measured
at about $40 million in 2018. In
the past few years, the market
has shifted to handheld devic-
es for metal and environmental
analysis requirements, with
contenders such as B&W Tek,
Bruker, Hitachi, Rigaku, SciAps,
and StellarNet producing only
handheld analyzers. Mean-
while, seasoned LIBS compa-
nies such as TSI and Applied
Spectra exclusively offer their desktop LIBS spectrometers.
Overall, demand for LIBS for metal applications accounted
for over a quarter of the market share in 2018 and is ex-
pected continue being a major application for metal analysis
for years to come.

Market size and growth estimates were adopted from
TDA’s Industry Data, a database of technology market
profiles and benchmarks covering laboratory and process
analytical instrumentation that are updated quarterly. It
also includes data from the 2019 Instrument Industry
Outlook report from independent market research firm
Top-Down Analytics (TDA). For more information, contact
Glenn Cudiamat, general manager, at (310) 871-3768
or glenn.cudiamat@tdaresearch.com. Glenn is a market
research expert who has been covering the analytical
instrumentation industry for more than two decades.

Metals & Minerals
26%

Environmental
20%
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Focus on Quality

Outsourcing Spectroscopic

Analysis?

If a laboratory does not have the workload, spectrometer, or the resources for a spectroscopic analy-
sis, then contract analysis is the way to go. But is outsourcing a universal panacea in the current data

integrity-centric world? Are you feeling lucky?

R D McDowall

lytical work to a third party, typically a contract or-
ganization such as a Contract Research Organization
(CRO). It can also encompass outsourcing the whole ana-
lytical workload to a bioanalytical laboratory (non-clinical
and clinical development studies) or quality control labo-
ratory (when the whole manufacturing process is out-
sourced to a Contract Manufacturing Organization [CMO]).
Managing contract analysis was one of my roles when Thad a
real job working in the pharmaceutical industry, rather than
as a consultant to this industry. Outsourcing work sounds
great. You send off the samples, put your feet up, relax, and
wait for the report to come back, but let’s look at the reality. All
organizations outsource analytical work, so we can’t be wrong?
Right? Well, let’s see....
There may be several reasons for outsourcing analytical
work to a CRO:
o Lack of capacity or expertise in your laboratory
« Insufficient workload to justify purchase of a specific in-
strument
o Company policy when a development project reaches a par-
ticular phase
« Your organization is virtual, and therefore all work is per-
formed by third parties
But is outsourcing a universal panacea, as it is pervasive
throughout the pharmaceutical industry? Let us explore what
is the situation in the data integrity environment that many of
us now have to work in:
o Is the CRO or CMO’s scientific and regulatory knowledge
adequate?

The topic of this month’s column is outsourcing ana-

+ Do you know how the laboratory works?

« Do you have the confidence in the staff?

« Do the staff have the culture, training, and ethics to ensure

the integrity of your data?

« Who owns the data from the work?

« Where will the records be stored?

« Who is responsible, and who is accountable, for the work?
It all boils down to whether a pharmaceutical company

should just accept a summary report, or if due diligence re-

quires that the electronic records be reviewed by them as well.

It all depends on the sponsor’s approach to the management

of regulatory and business risk.

Regulatory Perspective

The US Good Laboratory Regulations (GLR) (21 CFR 58)
(1) and Good Manufacturing Practice (GMP) (21 CFR 211)
(2) originated in the 1970s, when outsourcing was in its
infancy, and therefore there is no mention of the concept
in either regulation, the implication being that all work is
covered, regardless of where and who performs it. In con-
trast, the proposed Good Laboratory Practice (GLP) update
(3) has more mentions of contract analysis, and proposes
a clear definition of roles and responsibilities between the
sponsor and the CRO(s) involved in the study.

European GMP has updated Chapter 7, and retitled it “Out-
sourcing,” to reflect the greater increase in extended supply
chains (4), where there are two roles:

« Contract giver (sponsor)
o Contract acceptor (CRO)
It is clear from Chapter 7, and also the proposed GLP Up-
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Table I: Outsourcing Clauses from the WHO Guidance on Good Data Management Practices (5)

Clause

Topic of Clause (First Sentence Only)

The increasing outsourcing of GXP work to contracted organizations (contract
research organizations, suppliers and other service providers), emphasizes the
need to establish and robustly maintain defined roles and responsibilities to

assure complete and accurate data and records throughout these relationships B

Handheld

7.1

The organization that outsources work has the responsibility for the integrity
of all results reported, including those furnished by any subcontracting orga-
nization or service provider. These responsibilities extend to any providers of

relevant computing services

7.2

To fulfil this responsibility, in addition to having their own governance
systems, outsourcing organizations should verify the adequacy of the
governance systems of the contract acceptor, through an audit or other
suitable means.

7.3

. Process
The personnel who evaluate and periodically assess the competence of a

contracted organization or service provider should have the appropriate
background, qualifications, experience and training to assess data integrity
governance systems and to detect validity issues.

7.4

The expected data integrity control strategies should be included in quality
7.5 agreements and in written contract and technical arrangements, as appro-
priate and applicable, between the contract giver and the contract acceptor.

Laboratory

Where data and document retention is contracted to a third party, particu-
7.6 lar attention should be paid to understanding the ownership and retrieval
of data held under this arrangement.

date, that the contract giver or sponsor
is responsible, and accountable, for the
work performed by any third party, as
we shall soon see.

Data Integrity Guidance on
Outsourcing
There has been a tsunami of regulatory
guidance documents issued by regu-
latory authorities and industry bod-
ies since 2015. This WHO guidance
document has Section 7 focused on the
data integrity issues when outsourcing
work (5), and Table I gives the first sen-
tence from each clause. Please note that
there is much more information than
presented in the table, and readers are
encouraged to read the whole section.
There is also more detailed advice from
the Pharmaceutical Inspection Coop-
eration Scheme (PIC/S) in Section 10 of
PI-041 Good Practices for Data Manage-
ment and Integrity in Regulated GMP/
GDP Environments (6).

Let’s see when the wrong CRO is chosen,
either because price was a major factor, or
lack of due diligence in the selection process.

Do You Feel Lucky?
There have been two major data integ-
rity cases involving CROs: Cetero and

Semler. Imagine your company has sub-
mitted a New Drug Application (NDA)
to the FDA containing bioequivalence
data generated by Cetero Research. The
study compares the absorption and
distribution of your generic version of
a drug and the ethical version. Your ap-
plication has been accepted by the FDA,
but later you receive a letter (7), stating:

“The pervasiveness and egregious
nature of the violative practices by
Cetero has led FDA to have significant
concerns that the bioanalytical data
generated at Cetero from April 1, 2005
to June 15, 2010, as part of studies
submitted to FDA in New Drug
Applications (NDA) and Supplemental
New Drug Applications (SNDA) are
unreliable.

FDA has reached this conclusion for
three reasons:

(1) the widespread falsification of dates
and times in laboratory records for
subject sample extractions,

(2) the apparent manipulation of
equilibration or “prep” run samples
to meet pre-determined acceptance
criteria, and

(3) lack of documentation regarding
equilibration or “prep” runs that
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Figure 1: Overview of data integrity assessment, agreement, and monitoring work at a contract
laboratory (11). Note: QMS = quality management system; DI = data integrity.

prevented Cetero and the Agency from
determining the extent and impact of
these violations.”

Whoa! Outsourcing is supposed to
save money. What was a financial pana-
cea has now turned into a financial di-
saster. The impacted studies had to be
repeated in a different CRO; for more
information on the falsification, see the
untitled FDA letter (8).

Studies carried out at Semler Re-
search Private Limited were also found
to contain falsified bioequivalence data
that resulted an untitled letter, and spon-
sor companies having to repeat bioana-
lytical studies (9,10).

The issue here is clear that the selec-
tion of a contract facility is not a mere
box ticking exercise, but one where ad-
equate due diligence must be performed.
This is to ensure that a selected facility
has an equivalent approach to data in-
tegrity as a sponsor. Outsourcing ana-
lytical work is not a passive “contract
and forget” approach, but requires, ac-
cording to that well-known data integ-
rity expert Ronald Reagan, a “trust, but

verify” approach. Yes, we trust you, but
we will verify what you are doing.

Assessment of a CRO

Supplier assessment is a key require-
ment of GXP regulations and regula-
tory expectations for outsourcing (5,12).
It is important that due diligence is ex-
ercised to ensure that the work will be
carried out to your specifications and
analytical procedures, and that this re-
sults in an acceptable analytical report.
Some typical areas for assessment are
facilities, Quality Management System
(QMS), scientific and regulatory knowl-
edge, staff training, qualification and
validation of instruments and software,
together with record keeping practices.

Initial Selection of a Contract
Facility

The primary selection criteria are the
ability to deploy your validated analyti-
cal procedure (or for CRO to use their
method), the spectroscopic technique
to be used, and the skills required to
perform the work. To be fair to CROs,
the sponsor definition of validation may

vary from a minimal effort and a one
page report to a full validation follow-
ing ICH Q2(R1) (13). Secondary criteria
may also be applicable, such as location,
facilities, analysis price, recommenda-
tions from colleagues, or placement of
previous work with the facility. From
these criteria, a list of candidates can be
reduced to one or two.

Assessment of the Laboratory

As you may be time limited on site, it is
essential to prepare for the assessment.
You will need to get information about
the following items to read:

o Quality management system overview
including any certifications, such as
GXP certificate, ISO 17025 certifica-
tion with scope of certification and
methods within the scope

List of policies and procedures

« Data governance covering areas such as
management leadership in data integrity
and review of the QMS, company ethics,
progress towards an open culture, and
assessment of processes and systems
with current remediation approaches
Data integrity procedures and training
Site Master File (if a GMP facility)
Data integrity initiatives at the CRO

Initial Assessment of Data

Integrity

On-site, you need to follow an agenda to

ensure you cover all areas, and to make

the best use of time. Remember that au-
dits sample, and you will not have time
to go into too much detail, unless a prob-
lem is found that needs to be understood
in more detail. We will now look at some

of the topics we need to cover from a

data integrity perspective. Ask specifi-

cally about what approaches there are
for these topics, such as ensuring data
integrity.

« What is the role of senior management
in data integrity?

« How can an analyst admit a mistake or
raise a compliance concern?

« How have computerized systems been
assessed for data integrity and how are
any issues being remediated (by proce-
dural, or technical means)?

 Has assessment of paper processes
been undertaken?

« How are blank forms controlled and
reconciled?
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o How are second person reviews con-
ducted, and how are audit trails re-
viewed?

o If work is subcontracted, how are the
third parties controlled, and how does
the CRO ensure that their approach to
data integrity is acceptable?

o What quality oversight is there to en-
sure data integrity (for example, audits
and investigations)?

Control of Electronic Records
One important area to look at is con-
trols for the generation, interpretation,
reporting, and storage of electronic re-
cords. This will not be a static audit, but
will require the auditor to walk around
the laboratory, and view the systems
themselves. In particular:

o What are the controls to prevent
users going around the back of the
application to delete records and
time travel to repeat any analysis?
These must be investigated and veri-
fied by seeing them in operation.

o Procedural controls are not unreli-
able and inconsistent. What the au-
ditor needs to see is that the avail-
able technical controls are specified,
implemented, and validated with
whatever procedural controls are
required, such as separation of roles
in the system, electronic records
protection, and audit trails being
turned on.

There should also be an on-going

plan to replace older data systems

with networked data systems, to-
gether with progress against the plan.
If client confidentiality may be cited
as refusing to show these systems, this
is a clear indicator that the CRO does
not have an effective system for han-
dling confidential information and
hiding the sponsor’s identity. If the

CRO does not show you the technical

controls for ensuring data integrity,

what are the options?

Walk away.

Walking away is cheap, compared
with the cost of non-compliance if
there are data integrity issues that
are found later. What is the cost of
finding a new supplier compared with
repeating a bioequivalence study, or
a product recall, due to data integrity
issues? Minimal.

Reporting the Assessment
At the end, there will be a written report,
with the overall assessment of the facili-
ties, infrastructure, scientific, and tech-
nical competence, and the data integrity
status of the organization. Together with
the report, there may be a list of findings
(against regulations or procedures) and
recommendations (opportunities for
improvement).

Depending on the overall findings
and CAPA responses to the findings by
the CRO, a decision will be made to use
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the laboratory or not. If you go ahead,
we can go to the next stage of the process
outlined in Figure 1, which is negotiat-
ing the agreement that will include how
data integrity must be included.

Agreements Must Include Data
Integrity

The next stage of the process is to ensure
that work is agreed jointly in a technical
or quality agreement or contract. Apart
from the usual terms and conditions of
such documents, which are out of the
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scope of this column, there is the need

to ensure that data integrity is included

in these documents, and that roles and
responsibilities are defined adequately
between the two parties.

The sponsor must:

Provide to the laboratory robust and

accurately written analytical proce-

dures and technical information, with
records and examples

Provide troubleshooting advice, if re-

quired, when transferring, establish-

ing or running a procedure

« For routine analytical work, the spon-
sor needs access to all records to verify
the work was performed correctly

o The right to audit remotely and on-site
(including for cause where necessary),
to assess the analytical work and the
integrity of any data

The CRO must:

o Define original records and raw data
as electronic where a computerized
system is involved, and link any paper
printouts with the underlying records

« Provide accurate, complete, and reli-

able documentation throughout the

analysis that meet attributable, legible,
contemporaneous, original, and accu-

rate (ALCOA)+ principles (5,6)

Perform effective second person

review of all work, from sampling

to reportable result (as applicable to
the work)

Provide adequate QA oversight of the

analysis

o Generate monitoring and trending re-
sults for communication to the sponsor

« Notify the sponsor when out of ex-
pectation (OOE), out of trend (OOT),
and out of specification (OOS) results
are found. The sponsor should be in-
formed, or involved (depending on the
agreement terms), in any laboratory
investigations.

o Permit remote and on-site audits of the
work performed, including review of
electronic records

These needs and responsibilities to be
included in agreements and contracts
between the two parties.

Who Owns the Data?

In the past, when paper records were
generated by a CRO, it was easy to deter-
mine where the records would be stored
either short-term or long-term. This was

a simple matter of moving piles of cellu-
lose from one location to another. Now
there is more of a problem, as there are
both paper and electronic records. Paper
from the manual stages of the analyti-
cal process is simple, but far more prob-
lematic are the electronic records, as
typically these need the application that
generated them to open and view them.

When there are different systems at
the two sites, then it would make sense
to keep the records with the labora-
tory where they were generated for the
record retention period. However, de-
pending on the time of retention, there
may be one or two upgrades of soft-
ware involved. What does the agree-
ment say about this? Probably noth-
ing. What needs to be included in the
agreement is the due diligence of the
CRO to inform the sponsor that soft-
ware will be upgraded, and that the
results from a standard data set come
to the same decision before and after
the upgrade (4). Software validation
and data migration are essential com-
ponents in ensuring that the data are
still readable, and maintain the same
content and meaning.

In all cases, storage of the records
must be part of any agreement or con-
tract, and include what happens in case
of inspection at the contract giver’s site
to determine how access to the elec-
tronic records will be achieved.

On-Going Monitoring of Work
and Audits
It is important to monitor the work
being carried out at a CRO, including
data integrity aspects to assure them-
selves that the agreement is being fol-
lowed. If this is not undertaken, it may
be because of a sponsor’s attitude that
they have confidence in the CRO. How-
ever, realize that you cannot outsource
analysis and forget about it; the work
must be monitored. This takes time
and effort within the sponsor’s organi-
zation, but is an essential corollary of
outsourcing. Alternatively, consider the
alternative. Would you prefer a Cetero
or Semler scenario?

Monitoring can be one of three types:
» Remote monitoring of results and as-

sociated data
+ Remote audit

« On-site audit including for cause
audits

Monitoring the Results

The type of monitoring undertaken by
the sponsor will depend on the nature
of analytical work undertaken by the
contract laboratory. For bioanalytical
work, it may be checks of the standard
curves and back calculated concentra-
tion values, monitoring the results from
the three concentrations of quality con-
trol samples, viewing blank injections,
plasma concentration versus time pro-
files, and incurred sample reanalysis
results. In contrast, quality control
monitoring may be looking at the chro-
matograms and individual values from
aliquots, as well as the reportable results
and trending these over time and batch,
and impurity profiles between batches,
among other factors.

Actively monitoring outsourced ana-
lytical work means that trends or issues
could be identified, discussed with the
contract laboratory, and rectified before
they become major problems. Equally so,
the contract facility should also be mon-
itoring and discussing with the sponsor
the same issues if they are monitoring
the work correctly.

Remote Assessment of Work
Packages

Following on from the monitoring of
results is the remote assessment of work
packages, such as the review of the whole
of the analytical batch or study records.
This can be a combination of video con-
ferencing and direct access via a secure
internet link between the CRO and
sponsor. Electronic records, including
the metadata and audit trails, can be re-
viewed remotely. Access can be via alink
where a member of the contract labora-
tory staff operates the data system follow-
ing the requests of the sponsor’s repre-
sentative. Paper records can be reviewed
remotely via video link, or scanned, with
the scans then verified as true copies by
electronic signature, and viewed at the
sponsor site. However, it is the approach
to sponsor’s due diligence that is the basis
for ensuring work is carried out correctly.
Any findings identified remotely can be
documented, and CAPAs generated by
the contract laboratory.


http://www.spectroscopyonline.com

The main issue is that the sponsor
needs confirmation that the data in-
tegrity of the analytical results is ac-
ceptable, and that they can rely on the
results to take decisions. There would
typically be more audits early in a con-
tractual relationship between a sponsor
and CRO, with the number and fre-
quency reduced over time as the two
organizations become confident with
working together.

On-Site Audits

On site audits come in two forms: regu-

lar scheduled audits or for cause audits.

The latter is the audit of a specific batch

or batches due to a problem, such as an

increase in serious adverse events associ-
ated with a product batch. In either case,
the approach is usually the same:

o Access to the electronic records and
paper records for all systems to check
the work has been done correctly, and
data integrity is assured

« Ensuring procedures have been fol-
lowed and there have been no attempts
at short cuts, copying data from one
batch to another, or other poor data

management practices. An area of
focus is where procedural controls
have been used to remediate data vul-
nerabilities in processes or computer-
ized systems.

o Audit of one or more work packages

o Checking the effectiveness of previous
CAPAs. This may not be applicable to
a for cause audit.

o Look for work that is too perfect, not
enough exceptions, or containing doc-
umentation errors

o Look at the time that data was col-
lected or processed. Late at night or
on the weekends can lead to increased
opportunity to manipulate data in
negative ways.

Out of these audits may come find-
ings and recommendations for the con-
tract laboratory to act upon and gener-
ate CAPAs.

Trusted Partner or Scum of the Earth?
From my experience, the attitude of peo-
ple who use CROs fall into one of two
camps. Either contractors are a neces-
sary evil and are the scum of the earth,
or those that take a more reasonable
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approach that a CRO is an extension of
their own laboratory and are a trusted
partner. Personally, I have always taken
the latter approach, as the work they
are doing is on my behalf. Why would
I treat the laboratory and their staff any
different to my own analysts? In my ex-
perience, you will always get more out
of people if they are treated right, rather
than have a poor sponsor attitude and
reputation that precedes you before you
walk through the door.

Aspects of being a trusted partner are
honesty and openness. A CRO should be
able to discuss data integrity issues with
prospective and current sponsors. Discus-
sion of poor data management practices
found, and how they are working to re-
solve them, is a major plus from the au-
thor’s perspective. Finding out thata CRO
has hidden data integrity violations is a
case for running away.

Summary

You may be thinking that contracting
analytical work is a major problem. Far
from it; if handled correctly, the pro-
cess should be considered as an exten-
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sion of your own laboratory, and a col-
laborative process. If handled wrongly,
it can be a millstone hanging around
an organization’s neck for a decade
or so. Approach using contract facili-
ties with your eyes open with a “trust,
but verify” attitude, especially when it
comes to data integrity.
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Expert Perspectives on
Laser-Induced Breakdown
Spectroscopy (LIBS)

Laser-Induced Breakdown Spectroscopy (LIBS) has transitioned from a method found only in research
laboratories, to a technique in wide use in commercial settings. Handheld LIBS systems are used to
make measurements of metal scrap and other items in the field, while online LIBS systems are widely
used in industrial high-speed sorting. This month’s column polls several leading LIBS experts to give
readers a sense of some of the history of, and most exciting upcoming research problems in, LIBS.

Steve Buckley

ver the past several years, I've had the pleasure of

writing several columns on laser-induced breakdown

spectroscopy (LIBS) for Spectroscopy. During that
time, LIBS has matured immensely. It has transitioned from
an experimental and lab-based method, to a method that is
increasingly found in commercial and industrial use. Methods
of quantification have improved, and the suite of lasers and
spectrometers that are employed in LIBS systems are increas-
ingly fit for purpose. With these changes in mind, it seems
appropriate to cast a wide net and poll a panel of LIBS experts
with a variety of backgrounds about their thoughts on recent
developments in LIBS, and where this exciting field of spec-
troscopy is headed.

Our expert panel includes: Dr. Matthieu Baudelet, assis-
tant professor in the Department of Chemistry in the National
Center for Forensic Science at the University of Central Florida
(Winter Park, FL), Dr. Amy Bauer, associate editor for Applied
Spectroscopy, and principal scientist in the Chemlogix Division
at TSI, Inc. (Shoreview, MN), Dr. David Hahn, professor and
chairperson of the Department of Mechanical and Aerospace

Engineering at the University of Florida (Gainesville, FL), and
Dr. Steven Rehse, associate professor in the Department of
Physics, University of Windsor (Ontario, Canada). We thank
each of them for their time and thoughtfulness in responding
to these questions.

LIBS is now a mature technique. Compared with other analyti-
cal methods, what do you think its relative strengths are, and
how does this translate into applications?

Baudelet: LIBS is the best technique when the need includes
the combination of speed and sensitivity. This makes it the
most attractive elemental technique for chemical mapping
at the moment. Its latest demonstrations of 10 ppm at kHz,
or even at 100 Hz, rate make it very interesting for biomedi-
cal studies, where a fast multi-elemental image can help in
diagnosis. LIBS can also overcome spectral interferences
much more easily than mass spectrometry, which can make
it the “go-to” technique for complex samples (when pro-
vided the right tools for data analysis).
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Hahn: The long-standing strength of LIBS
remains the lack of a need for rigorous
sample preparation, such as acid digestion.
LIBS allows for direct analysis of solids,
liquids, and gaseous or aerosol samples,
which is unmatched by other analytical
schemes. Calibration does require care,
as matrix effects are present with LIBS as
with many other analytical schemes.

Bauer: Herbert Laitinen, in his original
Analytical Chemistry editorial, “The
Seven Ages of an Analytical Method,”
declared a method “mature” when it
moved into the hands of the non-special-
ist. In the case of LIBS, this would seem,
at first blush, to apply to the increasingly
common use of handheld LIBS instru-
ments to perform alloy identification
(ID) in the metals recycling industry,
and the use of handheld instruments to
perform analyses on geological samples
in situ. Additionally, LIBS is beginning
to be applied to process control applica-
tions in various industries, but has not
yet become common and is not yet seen
asa “gold standard” analytical technique
in any industry.

A thing that distinguishes LIBS from
other analytical methods is the fact that
it can perform noncontact measure-
ments. However, this is not always as
much of an advantage as is seems. LIBS
is touted traditionally as requiring very
little sample preparation, compared to
atomic absorption (AA), or inductively
coupled plasma (ICP), for example, but
it is becoming more visible that care in
sample preparation results in less uncer-
tainty and greater measurement preci-
sion. There is an interesting balance that
is present in LIBS analyses, one that pits
easy and noncontact analysis against
the need for good correlation to stan-
dard reference results and reduction of
measurement-to-measurement variance.

Rehse: I believe it is the generality of the
technique, and the ease with which it
can be applied in so many different situ-
ations, that is its primary strength. What
I mean by this is that it is not a “niche”
technique; it can be applied in so very
many different applications. And I
mean this, not in the abstract, but in
the specific. While my own specialty
and area of concentration has been on

bacterial analysis, over the years I have
been involved in one way or another
with experiments involved in such
disparate applications as monitoring
lead contamination in dirt from the
sides of highways, analysis of ores for
mineral prospecting, analysis of veg-
etables skins for signs of health or dis-
ease, analysis of gases from steel blast
furnaces, analysis of fish bones to de-
duce invasiveness patterns, and several
other applications. LIBS can and has
made fruitful and significant contribu-
tions in many fields like this. There are
such a wide range of applications, the sig-
nificance is compounded by being “spread
around” all over the analytical world.

Do you have a favorite “Aha” moment of
your own, from your lab or data analysis
that made you more excited about LIBS?
Share a result that you are particularly
proud of, if you don’t mind.

Bauer: 1 was pretty excited when I first
fiber-coupled a yttrium aluminum gar-
net (YAG) laser, in 1995 or so, and used
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the resulting plasma to decide whether
there was lead in paint or not. In those
early days, I was mostly involved with
spark induced breakdown spectroscopy
(SIBS), the electrical analog of LIBS, and
my group was involved in attempts to
use it to monitor bioaerosols. At some
point, we started to image the plasma
with a filter and an intensified charged
coupled device (iICCD), and discovered
that the actual plasma was much smaller
than we had been predicting based on
visible evidence, like a tiny lightning
bolt. It was at that point that I began
to understand that these plasmas were
much more complicated than I previ-
ously gave them credit for. As people
continue to try to understand the phys-
ics of plasma formation and evolution,
each paper demonstrates this fact again
and again. These physics remain my fa-
vorite part of the whole LIBS equation.

Rehse: I do. It is when I first got back
“into” LIBS after a hiatus. I was lucky
enough to be working at Los Alamos
National Laboratory as a student in the
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early 1990s, when David Cremers was
performing some of the seminal experi-
ments on LIBS in a laboratory across the
hall from mine. I always thought it was
a fascinating technique, but my studies
led me elsewhere. Fast forward to 2004,
when I was performing a postdoctoral
tellowship at the University of Western
Ontario, and my lab was approached
by a local company who wanted to talk
with someone who knew LIBS to consult
with them on its suitability for analyzing
used engine oil for the presence of wear
metals as an indicator of engine perfor-
mance. Having not thought about LIBS
for almost 10 years, I did a survey of the
current status of the field and realized,
“Hey, these people have got something
here.” I decided then to jump into the
field on my own.

Hahn: My “aha” moment came more
than 20 years ago, when I was using
LIBS for emissions analysis, focusing
on toxic metals. Recognizing that our
targeted metals were condensed as sol-
ids, I did some simple math to model the
sampling rates, and realized that only a
small percentage of LIBS events actually
sampled a target particle. Our signal to
noise was greatly diminished by averag-
ing many “zeros”, but a careful analysis
of each LIBS spectrum could greatly
change the outcome. The ultimate result
was an approach that is now referred to
as conditional analysis.

Baudelet: Lately I've been very excited
by our approach for quantifying spec-
tral interferences in LIBS, which was
recently published (1). This is an im-
portant brick in the edifice of analytical
LIBS towards its recognition by the fo-
rensic practitioners, who need to be able
to evaluate error rates of their measure-
ments. Much more needs to be done to
make it a staple of LIBS by including
molecular emission, for example.

What do you think that the most im-
portant technical implementation or
advance has been in LIBS over the past
3-5 years? How will this influence LIBS
practice in the future?

Rehse: 1 really think the advances in
high-resolution 2D mapping, as dem-

onstrated in the papers of L. Sancey, V.
Motto-Ros, and associates (2), and K.
Rifai, F. Doucet, and associates (3), are
incredible advances. The ability to rapidly
create an elemental map on quite large
two-dimensional surfaces with high res-
olution is a significant and import tech-
nical implementation of an idea that we
all knew could be done, but no one had
actually turned into a practical device.
When that data is then interpreted with
chemometric algorithms for autonomous
classification of the surfaces, this give
true utility and power to the technique.

Baudelet: Laser ablation molecular
emission spectroscopy (LAMIS) and
the revival of using molecular emis-
sion directly in plasma measurements
started in 2010, and is still triggering
enthusiasm within the LIBS commu-
nity to create an optical emission tech-
nique for isotopic analysis and even
halogens analysis. However, my feeling
is that nanoparticle-enhanced LIBS
(NELIBS) has been the most impor-
tant new addition to the LIBS toolkit
for better analytical performance in the
last five years. It has enhanced many
applications from the analysis of trans-
parent materials to even explosive de-
tection and protein analysis. We can see
the analogy with Raman and surface-
enhanced Raman spectroscopy (SERS),
and should learn from that community
how we can propose the best NELIBS
tool for each application.

Hahn: I will offer two advances. The
continuous improvement in data pro-
cessing (such as chemometrics, machine
learning, and artificial intelligence (AI))
schemes will continue to open up appli-
cation spaces for sorting, in situ analysis
and other applications. This, I believe,
remains a significant advance that the
LIBS community must continue to uti-
lize. A second advancement is lower
cost, high repetition rate laser systems.
As noted above, sample inhomogene-
ity remains a challenge, notably when
working in field applications. Using
many thousands of laser shots can po-
tentially help address such issues.

Bauer: The development of a whole
new host of laser sources, including

miniaturized millijoule and micro-
joule devices, have opened up an amaz-
ing new world of in situ measurements
with LIBS. The most impressive techni-
cal developments, though, opened up
the possibility for the development of
ChemCam, the LIBS device aboard the
Mars Science Laboratory rover. This
device permits geological analysis and
identification of hydrated minerals at a
distance of 7 meters on Mars. Every time
I think about the dramatic accomplish-
ments of the ChemCam, I feel thrilled
and optimistic at the same time.

What paper or papers have influenced
your thinking the most in terms of
your basic scientific understanding?
Why have they been influential to you
personally?

Bauer: Like I said earlier, 'm really very
interested in understanding the basic
phenomenology of sample ablation and
plasma formation. My favorite papers
currently are the ones that dare to try to
explain the production of particles and
splashing during nanosecond laser or
surface encounters.

Baudelet: Many scientific contribu-
tions have influenced my basic scien-
tific understanding of LIBS and its use
for analytical chemistry. Three books in
particular:
« “Flame Spectroscopy” by Radu Mav-
rodineanu and Henri Boiteux, for the
best course on elemental and molecular
emission spectroscopy;
 “Theory of Spectrochemical Excita-
tion” by Paul Boumans, for the very
fundamental understanding of matter
excitation; and
o “Laser Processing and Chemistry” by
Dieter Bauerle, for the complete and de-
tailed overview of laser-matter interac-
tion and plasma formation.

These have been in my desk for re-
search and teaching since the beginning.

Hahn: I am a big fan of the early LIBS
papers by David Cremers and Leon
Radziemski. They addressed many of
the fundamental issues while presenting
very nice experimental data and analy-
sis. I wore those early papers out with
notations and constant reading.
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Rehse: In my particular area of in-
vestigation, I am always drawn back
to the work of Dr. Jennifer Gottfried
that she described in her papers (4,5).
I think they were important for a rea-
son. Firstly, they showed just how far
one can push the LIBS technique to
discriminate between highly similar
targets. In many of these cases (such as
explosives), the targets are elementally
identical, only their stoichiometry is
different! These papers showed that,
with careful construction of a classifi-
cation library and suitable algorithms,
the targets can be reliably discrimi-
nated. Secondly, no one before or since
has so exhaustively studied the effect
that the mounting surface (material
upon which a trace target is scattered)
and similar interferent materials can
have on degrading classification accu-
racy. They tested dozens of combina-
tions of similar materials, scattered on a
wide variety of surfaces, and clearly and
accurately reported the results in a way
that allowed some sensible conclusions
to be drawn. I think they showed that
LIBS has an incredible ability to differ-
entiate similar targets, but that a lot of
work has to first go into understanding
the ways in which a spectrum can be-
come “contaminated,” or ways in with
can algorithm may be “fooled.” I find
myself looking at these papers a lot.

What areas of LIBS research would you
advise new students or new practitioners
to work on? What is your favorite “fron-
tier” problem in LIBS?

Hahn: As an engineer that has enjoyed
fruitful collaborations with analytical
chemists and physicists for nearly two
decades, I encourage students to relate
their underlying fundamental train-
ing and knowledge to the LIBS arena.
So as a mechanical engineer, that was
heat and mass transport, allowing me
to explore these underlying processes
within the laser-induced plasmas, and
ultimately to help translate new un-
derstanding to improved analytical
approaches. My favorite frontier prob-
lems remains the local effects of analyte
mass (such as small particulates) within
alarger LIBS plasma as related to quan-
titative analyte response.

Rehse: I am still a believer that LIBS-
based in vivo surgery is a possibility. I
would like to see surgeons or dentists
ablating away tumors or caries tissue, for
example, while the ablation events are
analyzed and categorized spectroscopi-
cally shot-by-shot to convey real-time in-
formation about the nature of the tissue
being removed. This information could
be relayed to the surgeon by means of a
wearable head’s up display. Rather than
relying solely on the surgeon’s experience
and intuition, I would like to see true di-
agnostic information being made avail-
able during the procedure to guide the
surgeon’s actions and decisions. I think
this type of information could ultimately
improve patient outcomes, while reduc-
ing pain and suffering by minimizing the
removal of healthy tissue from surgical
margins and ensuring the removal of all
the tissue that needs to removed.

Baudelet: LIBS, as a laser-ablation
based technique, still relies on ma-
trix-matched standards, especially for
biological materials. Compacted pow-
ders are often not the answer for good
quantitative practice. Finding better
calibration standards and methods is
a field of research that my group is fo-
cusing on so LIBS can be an even more
robust analytical technique. This re-
quires the full cooperation of material
scientists, analytical chemists, special-
ists of laser-matter interaction and the
support of certification institutions.

Bauer: I would love to be guiding a
student at this exciting time. I would
have them focus on ablation processes
and plasma evolution processes in-
volving new laser sources. From a
more practical standpoint, the com-
munity is realizing that sample pro-
cessing before analysis is very helpful
to yield better results. LIBS folks are
starting to remember traditional ana-
lytical tools, like internal standards
and standard additions, and pairing
them with very sophisticated data
analysis tools, like PCA and support
vector machines (SVM). The inten-
tional paring of careful sample han-
dling and crafty data analysis will
result in more robust and accurate
LIBS analysis.

Summary

This is an exciting point in the scientific
understanding and practical application
of LIBS. We hope that this combination of
scientific, retrospective, and forward-look-
ing thoughts from our panel of experts in-
creases your interest, and your excitement,
about the possibilities for LIBS technology.
Thanks to all of our panelists for their en-
ergy expended and wisdom imparted in
contributing to this column! Please send
us your questions and requests for future
column topics at the address below.
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Vibrational Spectroscopy of
Individual Aerosol Droplets
by Optical Tweezers

Aerosols are key components in a wide range of environmental systems and industrial contexts,
spanning air pollution and clouds, to engineered nanomaterials, to drug delivery to the lungs.
However, the basic properties of aerosols are often elusive, due to their small sizes and capacity
to rapidly respond to changing ambient conditions. In this article, we discuss Raman spectroscopy
of individual picoliter volume droplets using optical tweezers. Single droplet spectroscopy enables
highly accurate and precise measurements of droplet size and refractive index, as well as mea-
surement of droplet chemical composition. Time-resolved measurements permit investigation of
fundamental droplet properties, including hygroscopic response, vapor pressure, and surface and
bulk characteristics. Such information improves our molecular level understanding of chemical
processes within single droplets, and facilitates broader understanding of complex systems.

Bryan R. Bzdek and Jim S. Walker

erosols, which are solid particles or liquid droplets
suspended in air, are ubiquitous. Aerosols negatively
affect human health through air pollution (1), but also
improve health by serving as delivery agents for pharmaceuti-
cals (2). With respect to the atmosphere, aerosols are generally
thought to cool climate by scattering solar radiation and by serv-
ing as the seeds for cloud droplets (3). Aerosols also have a wide
range of industrial applications, including spray drying, inkjet
printing, personal care products, combustion, and agricultural
chemicals. To resolve aerosol impacts on health and climate, or
to engineer effective industrial products, knowledge of param-
eters like particle size, composition, interaction with light, and
surface and bulk properties is required. Moreover, it is beneficial
to resolve these properties on a single particle basis, as even a
nominally homogeneous and monodisperse particle ensemble
has inherent distributions in key properties like particle size.
Aerosols are intrinsically interesting, because they exhibit
unique properties relative to bulk systems (4). Figure 1 highlights
some of these properties, with a hygroscopic growth curve for
a sodium chloride (NaCl) particle, plotting a change in droplet
mass (relative to a dry particle) against ambient relative humid-
ity (RH). At low RH, a NaCl aerosol contains no water, and is

therefore a solid particle. With increasing RH, water adsorbs to
the solid particle surface until reaching the deliquescence RH
(~75% for NaCl), which is the RH at which the solid particle ab-
sorbs enough water to undergo spontaneously a phase transition
to a liquid droplet, and is equivalent to the water activity at the
solubility limit of a bulk solution of NaCl. Beyond this point,
the liquid droplet size increases with increasing RH. Starting
from aliquid droplet at high RH, lowering RH decreases droplet
size due to water evaporation. However, rather than undergo a
phase change at the deliquescence RH, the droplet will continue
to shrink until reaching the efflorescence RH (~43% RH for
NaCl), which is the RH where the liquid droplet spontaneously
undergoes a phase change to form a solid particle, and highlights
a hysteresis in phase that depends on the direction of the RH
change. This observation is remarkable; liquid droplets between
the deliquescence and efflorescence RH can exist in metastable,
supersaturated solute states. In the case of NaCl, the aqueous
concentration at the deliquescence RH (that is, the bulk solubil-
ity limit) is 6.2 molal, whereas, at the efflorescence RH, it is 13.2
molal. For a soluble organic, the solute concentration can range
from ~5 molal at the deliquescence RH to >30 molal at dry con-
ditions. Such compositions can exhibit highly non-ideal behav-
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Figure 1: lllustration of a hygroscopic growth curve for a sodium chloride (NaCl) particle. Note
the hysteresis in particle phase between 43% and 75% relative humidity (RH), where, depending
on the RH pathway, NaCl is either a solid particle or a liquid droplet.

ior, and may inhibit nucleation of a solid
particle, instead forming an amorphous
glass. The high surface-to-volume ratio
of aerosols also means that particles can
respond rapidly (<1 ms) to changes in the
gas phase, potentially resulting in differ-
ent product distributions after a reaction
due to size-dependent competition among
gas-diffusion, surface accommodation,
and particle bulk transport.

To measure individual droplet prop-
erties by spectroscopic approaches, the
droplet location must first be control-
lable. Optical tweezers are one method
to capture and manipulate 3—-10 pm ra-
dius droplets over long time periods.
The approach, recently recognized
by the 2018 Nobel Prize awarded to
Arthur Ashkin, employs a tightly fo-
cussed laser beam to create a gradient
force optical trap that immobilizes a
particle by exploiting the refractive
index (RI) difference between the par-
ticle and surrounding medium. Opti-
cal tweezers are perhaps better known
for applications to condensed systems,
but in fact some of the early optical
trapping work captured liquid droplets
in air (5,6). Figure 2 illustrates a typical
aerosol optical tweezers (AOT) setup,
similar to that sold commercially by
Biral, configured to allow production
of multiple, steerable optical traps for
the study of droplet coalescence (7,8).
A spatial light modulator dynamically
shapes the phase front of a continuous

wave 532 nm laser to form multiple,
steerable optical traps. When the trap
separation is sufficiently small, droplet

coalescence is induced. Brightfield im- i

aging is accomplished by a blue LED.
Backscattered Raman light is imaged
onto the entrance slit of a spectrograph
to perform single droplet spectroscopy.
Elastic backscattered light, the inten-
sity of which varies during droplet co-
alescence, is directed to a photodiode,
and recorded with an oscilloscope.

Droplets are typically nebulized from |
solution, and captured in an isolated §

RH-controlled trapping chamber. This
approach enables measurement of a
range of physical and chemical prop-
erties of an optically trapped droplet.

In this article, we describe the util- B¥
ity of the AOT approach to charac- |
terize spectroscopically individual |
picoliter-volume droplets. We first [
discuss the principles of cavity-en- =

hanced Raman spectroscopy, and
then highlight the precise and time-
resolved measurements of chemical

and physical properties enabled by g i

these measurements.

Raman Spectroscopy
of Individual Droplets

Cavity enhanced Raman spectroscopy

is the primary tool for analyzing op-

tically tweezed droplets, because it §

allows high precision measurements

of size and RI, as well as information
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Figure 2: Schematic of a holographic aerosol optical tweezers (AOT) setup capable of collecting Raman spectra on individual droplets as well as
elastic backscattered light to study droplet coalescence (7,8).

about droplet chemical composition.
The AOT setup permits efficient ac-
quisition of Raman scattered light
because the trapping laser beam and
microscope objective are also used as a
Raman excitation source and high ef-
ficiency collection optic, respectively,
allowing a time resolution <1 s.
Figure 3(a) shows a Raman spec-
trum from an optically tweezed aque-
ous sucrose droplet. The Raman signal
consists of two components: the spon-
taneous signal and the stimulated sig-
nal (9-14). The spontaneous signal is
the broad, underlying Stokes band that
provides information about the drop-
let’s chemical composition. The stimu-
lated signal presents as the superim-
posed structure, and arises because the
spherical droplet behaves as a low loss
optical cavity at wavelengths commen-
surate with whispering gallery modes
(WGMs). When spontaneous Raman
emission overlaps with a WGM, a
standing wave forms around the cir-
cumference of the droplet, and stim-
ulates further emission at the same
frequency, resulting in sharp peaks at
discrete wavelengths. Each stimulated
peak is described by a mode order n

(defined by the number of standing
waves around the droplet circumfer-
ence) and mode number / (defined by
the number of radial maxima in the
distribution of the mode intensity).
For each mode number and mode
order, there exists a transverse elec-
tric (TE) mode (having no radial elec-
tric field component) and a transverse
magnetic (TM) mode (having no ra-
dial magnetic field).

WGM wavelengths are highly
sensitive to droplet size and com-
position. Figure 3(b) illustrates the
magnitude of the shifts in WGM
wavelengths as an aqueous sucrose
droplet changes radius in response
to a change in ambient RH. WGM
wavelengths can be calculated using
Mie theory (15), if the size and RI
are known. The wavelengths at
which stimulated Raman signals are
observed experimentally and com-
pared to a library of Mie theory sim-
ulations calculated for various size
and RI combinations, with the best
match giving the correct size and RI.
The comparison can be performed in
<1 s using custom built software, al-
lowing the physical properties of the

droplet to be tracked in real time,
with accuracy of +2 nm in radius and
0.0005 in RI (16). The next sections
illustrate how such accurate and pre-
cise measurements permit elucida-
tion of a wide range of fundamental
droplet properties.

Hygroscopicity and Vapor Pressure
Figure 4 shows a change in the prop-
erties of a glycerol droplet as RH is
systematically decreased. These data
were collected using the commercially
available instrument from Biral. Small
changes in WGM wavelengths can be
related to precise changes in droplet
radius as in Figure 4(a), and RI as in
Figure 4(b). As RH is stepped from
80% to 30% in 10% intervals, the drop-
let responds by losing water, resulting
in a step change in droplet size. This
loss of water also increases the glyc-
erol concentration, leading to a cor-
responding increase in droplet RI, as
the RI of glycerol is larger than that of
water. Note the high precision in the
measurement, indicating very little
second-to-second variation in droplet
parameters. The observed changes in
droplet size and RI describe the hy-
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groscopic response of the droplet. Hy-
groscopicity impacts the number and
size distribution of atmospheric cloud
droplets, as well as the optical proper-
ties of atmospheric aerosol. Because
particle deposition in the respiratory
tract is size-dependent, hygroscopic-
ity also influences deposition and ul-
timately health effects.

Figure 5 shows how hygroscopic re-
sponse can be used to identify changes
in particle composition (17). Figures
5(a) and 5(b) show droplet radius
and RI (retrieved from the stimulated
Raman signal), whereas Figure 5(c)
shows the ratio of the intensities of
the C-H to O-H stretching regions
in the spontaneous Raman signal
(v /v 4p)- Initially, a NaCl drop-
let is captured and equilibrated to a
constant gas flow at 80% RH. During
1000-1400 s, a flow of aqueous NaCl
aerosol is introduced into the trapping
chamber without altering the ambient
RH. The introduced aqueous droplets
coalesce with the trapped droplet, in-
creasing the trapped droplet’s radius,
but maintaining the same RI, as the
droplet chemical composition remains
unchanged. Then, during 3000-3400
s, a flow of aqueous sucrose aerosol is
introduced into the trapping chamber,
again maintaining an RH around 80%.
In this case, droplet size changes due
to the accretion of sucrose aerosol. The
accretion of sucrose also increases the
droplet RI, and the resulting change
in droplet composition is reflected
in the observed increase in the Iv. .,/
Iv,_y ratio.

The changes in radius and RI can
be visualized in a plot of radial growth
factor (GF ) against droplet RI or RH.
Any droplet will have a well-defined
relationship between real RI and RH,
owing to the relationship between RI
and solute concentration, provided the
droplet chemical composition does
not change beyond water uptake or
loss in response to changes in ambi-
ent RH. This relationship leads to a
defined trajectory between droplet RI
and droplet wet radius (r, ). However,
dry particle radius, r, ., will vary from
measurement to measurement. A plot
of radial growth factor [GF, (RH)] ac-
counts for variations in particle dry

size by defining the change in r,_, rela-
tive to ry,.:

r

GF (RH) = 7= [1]

dry
Figure 5(d) shows a plot of GF,
against RI for three NaCl droplets
(black, blue, and red symbols) stud-
ied across a wide range in RH (96%
to 49% RH, corresponding to refrac-
tive indices of 1.345 to 1.410, respec-
tively). All these data collapse onto
each other (visually represented by
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the line), illustrating the reproducibility
in hygroscopic growth afforded by the
AOT approach across multiple mea-
surements. The green symbols show the
hygroscopic growth of the NaCl droplet
doped with sucrose aerosol (t > ~3400 s
in Figures 5(a)-5(c)). The offset is due to
the change in the relationship between
droplet composition and equilibrium
size, as RH is varied and highlights
how compositional changes that result
in only a few percent change in droplet
radius can be resolved due to the high
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Figure 3: (@) A cavity-enhanced Raman spectrum of an optically
tweezed aqueous sucrose droplet. The spontaneous Raman signal
centred around 650 nm is the O-H stretching vibration of water, whereas
the signal around 630 nm is the C-H stretching vibration. The stimulated
Raman signal is the superimposed structure on the spontaneous band;
(b) whispering gallery mode (WGM) position is closely related to
droplet size.
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Figure 4: Response of a glycerol droplet to changes in ambient relative
humidity (RH). Changes in whispering gallery mode (WGM) position are
used to quantify changes in (a) droplet radius, and (b) refractive index
(RI). The red dotted lines indicate the loss of semivolatile glycerol during
periods of constant RH.

accuracy of droplet size and RI obtained from the Raman
signal.

Although droplet size may change substantially, due
to changes in the RH around the droplet, size may also
change due to evaporation of semivolatile molecules from
the droplet (18). This evaporation is evident in Figure 4,
as in between the step changes in droplet size due to RH
steps, the glycerol droplet size decreases linearly and its RI
increases linearly (dotted lines) owing to its vapor pressure
(p°; = 1072 Pa). A molecule’s vapor pressure is fundamen-
tally important, because it determines partitioning between
the gas and condensed phases. The slower change in droplet
size and RI is due to the evaporation of glycerol (as well as
commensurate water to maintain the droplet water activity
equivalent to the RH). In the experiment, a humidified N,
flow is used, resulting in a concentration gradient from the
droplet surface to the gas phase, leading to slow volatiliza-
tion of glycerol at a rate governed by its vapor pressure at
the solution composition, p, which in turn depends on the
glycerol mole fraction, x, and the activity coefficient, vy:

Ps = XsYPs 2]

Measurement of the rate of change in droplet size (dr?/dt)
is related to p? for a given molecule through the Maxwell
equation:

ar? 2MD

P TPF, (P,-,x_p,-,,) (3]

where M, is the molecular mass of semivolatile compound i, D,
is its diffusion constant in the surrounding gas, R is the ideal
gas constant, T is temperature, p is the droplet density, F, is
the mass fraction of compound i, p, . is the vapor pressure in
equilibrium at the droplet surface, and p, _, is partial pressure
of the molecule at infinite distance from the droplet surface
(assumed zero).

Aerosol Surfaces and Bulk Properties
We next discuss droplet surface and bulk properties, which
are key to a range of processes. For example, surface ten-
sion helps determine what fraction of atmospheric particles
grow into cloud droplets by governing the critical super-
saturation in RH that must be surpassed (19). Moreover, the
surface composition of droplets can affect the transport of
molecules like water into and out of the droplet (20), as well
as promote very different reactions from those occurring in
the droplet bulk (21). Knowledge of bulk properties allows
a better understanding of transport processes within the
droplet, which can help explain droplet heterogeneity, reac-
tivity, and composition (22). For example, a highly viscous
droplet can inhibit diffusion of reactant molecules, result-
ing in slower apparent reaction rates (23). Understanding
the interplay between surface and bulk properties enables
control over droplet structure, which is important in many
industrial contexts (24).

Surface and bulk droplet properties can be investigated
by coalescence of two droplets. Droplets are captured in
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tension is determined by the equation (25,26):
o wfa’p
T n+2) [4]

where o is surface tension, w, is the oscillation frequency for
mode [ (corresponding to a characteristic deformation in
droplet shape), a is the droplet radius, and p is the droplet
density. Note that accurate measurement of surface tension
depends on a precise measurement of droplet radius (a*
term), highlighting the benefits afforded by size charac-
terisation using the stimulated Raman spectrum. The fast
Fourier transform (FFT) of the elastic backscattered light
signal allows retrieval of w, in Figure 6(c). It is then straight-
forward to calculate the droplet surface tension. Figure 6(d)
shows surface tensions retrieved using a holographic AOT
setup for droplets containing NaCl, glutaric acid, and a 1:1
mass mixture of both solutes. These measurements com-
pare favorably to a statistical thermodynamic model (27).
Moreover, a key benefit of performing the surface tension
measurement on droplets is the ability to access supersatu-
rated solute states that are inaccessible to bulk approaches.
The measured values to the right of the vertical lines in Fig-
ure 6(d) are in the supersaturated solute regime and demon-
strate the benefit of aerosol measurements to test models in
previously untestable regimes. In addition, measurements
have highlighted that trace contaminants in air rapidly
lower the surface tension of droplets to values consistent

Figure 5: Droplet (a) radius, (b) refractive index (RI), and (c) chemical
composition for a coalescence sampling measurement. In the first
coalescence window (first purple box), a flow of aqueous sodium
chloride (NaCl) droplets was introduced. In the second coalescence
window, a flow of aqueous sucrose droplets was introduced; (d)
Comparison of the RI-growth factor (GF ) relationship for NaCl droplets
(black, red, and blue) and a NaCl droplet after a period of coalescence
sampling of sucrose aerosol (green) (17).

individual traps, equilibrated to a desired ambient condi-
tion, and then brought into coalescence at a user-defined
time. For low viscosity droplets, coalescence proceeds
through damped oscillations in droplet shape. Figure
6(a) shows high frame rate images of a dilute NaCl drop-
let coated with surfactant immediately after coalescence
(8). Although high frame rate imaging visualizes the co-
alescence dynamics, it is more efficient to resolve the co-
alescence by collection of elastic backscattered light (see
Figure 2). Figure 6(b) shows the elastic backscattered light
from the coalescence event in Figure 6(a), along with the
aspect ratios from the high frame rate images. Surface
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Figure 6: (a) High frame rate images after coalescence of two aqueous, surfactant-doped sodium chloride (NaCl) droplets. (b) Elastic backscattered
light intensity collected after coalescence (left axis) and droplet aspect ratios from the images in part (a) (right axis); (c) A fast Fourier transform (FFT)
of the signal in part (b) gives the frequency of the shape oscillations (8). In (d) measurements of picoliter droplet surface tension for NaCl, glutaric acid,
and a 1:1 mass mixture of the two compounds (symbols) are compared to a statistical thermodynamic model of surface tension (lines) (27).

with those of surfactant solutions (8).

If the droplet viscosity is above a
critical value, the surface oscillations
are instantaneously damped, and co-
alescence proceeds through a slow
merging of two droplets (7,28). This
concept is demonstrated in Figure
7(a) with images of coalescing sucrose
droplets that have been equilibrated to
different RH values (29). Figure 7(b)
shows that aspect ratios of the slowly
coalescing droplets follow an exponen-
tial decay, and that depending on the
droplet viscosity (governed by RH),
the relaxation timescale (1) can span
from microseconds to days. The re-
laxation timescale is related to droplet
viscosity by the equation:

_l(+2)(21+1) o7,

L VA Y S 1=2

2(2/>+4/+3) a a

gT

(5]

where 7 is the droplet viscosity.
Figure 7(c) shows viscosity mea-

surements of citric acid by both bulk

and AOT approaches, comparing to

1,4-butanetriol and sucrose over the
entire range of RH. This figure high-
lights the utility of the AOT approach
to measuring viscosity. First, measure-
ments can be made over a wide range
of viscosities, from values similar to
that of pure water (1 mPa-s) to values
beyond the glass transition (10'° Pa-s),
spanning >13 orders of magnitude.
Moreover, because it is straightfor-
ward to produce droplets containing
highly viscous, supersaturated solute
states, this approach can measure
material properties under conditions
inaccessible in bulk systems. For ex-
ample, bulk solutions of citric acid can
only reach concentrations correspond-
ing to water activities ~0.8 (80% RH),
the bulk solubility limit. However, in
the aerosol phase, the solubility limit
is easily exceeded, and measurements
of viscous citric acid droplets are pos-
sible across the entire range of water
activity, with viscosity values extend-
ing more than six orders of magni-

tude larger than those accessible in
bulk solution, permitting comparison
to model predictions and allowing
estimation of the viscosity of atmo-
spheric particles (28).

Putting It All Together

The previous sections highlight fun-
damental measurements possible due
to single droplet Raman spectroscopy.
We now present an example where
spectroscopy was used to evaluate how
changes in viscosity impact the droplet’s
reactivity with ozone, a common atmo-
spheric oxidant (30). In the experiment,
a droplet containing the semivolatile
compound maleic acid (vapor pressure
~1073 Pa), nonvolatile sucrose, and water
was equilibrated to different RH values.
As discussed earlier, when a droplet
containing a semivolatile compound is
held at constant RH, its size will slowly
decrease, due to evaporation of the semi-
volatile compound and an appropriate
amount of solvating water. From the
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size change (inferred from the changes
to stimulated Raman band positions),
the compound’s pure component vapor
pressure is inferred from Equation 3.
Figure 8(a) illustrates the time-depen-
dent fractional change in size for a drop-
let containing 5:1 maleic acid:sucrose
held at different RH values. At higher
RH (such as 70%) a steeper gradient in
the radius change is observed as opposed
to when the droplet is held at a much
lower RH (such as 10%). However, based
purely on vapor pressure considerations,
the mass flux of maleic acid is expected
to increase with decreasing RH, as the
maleic acid mole fraction is increased at
low RH. In fact, when the effective vapor
pressure is calculated using Equation 3,
the retrieved values span from <107 Pa
at 10% to 1073 Pa (the true value) at 70%
RH. The reason for this observation is
kinetic suppression of the evaporation
rate. The nonvolatile sucrose compo-
nent increases droplet viscosity, conse-
quently inhibiting diffusion of maleic
acid within the particle. The decreased
diffusion constant makes it harder for
maleic acid to reach the droplet surface
and evaporate.

Figure 8(b) shows relative changes in
the intensity of the vinylic C-H stretch
in the spontaneous Raman spectrum
when maleic acid—sucrose droplets
held at different RH values are ex-
posed to the oxidant ozone. Ozone re-
acts with maleic acid (which contains
a carbon-carbon double bond) but not
with sucrose (which lacks a C=C bond).
Ozonolysis fragments maleic acid at the
double bond, forming lower molecular
weight molecules with a range of vapor
pressures. Monitoring the vinylic C-H
stretch provides a direct measure of the
reaction rate of maleic acid through
cleavage of the carbon-carbon double
bond. There is a clear RH dependence
for reactivity as seen in Figure 8(b), with
droplets at higher RH exhibiting faster
reaction kinetics. For comparison, the
purple triangles show the change in
v 4 for a maleic acid droplet held at
73% RH in the absence of ozone (that
is, the change in signal intensity entirely
due to evaporation of semivolatile maleic
acid). The golden triangles show reaction
of a 10:1 sucrose:maleic acid mixture at
40% RH, demonstrating that ozonolysis

is effectively shut down. From the spon-
taneous Raman data, reaction prob-
abilities for ozone uptake can be esti-
mated. For the 5:1 sucrose:maleic acid
droplet at 75% RH, the reaction prob-
ability is similar to that retrieved from
an experiment in the bulk (~8x107°).
However, for the 10:1 sucrose:maleic
acid droplet at 40% RH, the reaction
probability decreases by more than two
orders of magnitude to <3x10°8. The ex-
planation for the lowering of the uptake
coefficient is the change in diffusivity
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for water and ozone that results from the
matrix formed by interactions of sucrose
and maleic acid.

This example demonstrates how
precise measurement of changes to
droplet size can provide information
about the phase state of a droplet, per-
mitting insight on diffusion within
the droplet. Coupling those obser-
vations with spontaneous Raman
spectra allows rationalization of the
reactivity of droplets as a function of
their viscosity.
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Figure 7: (a) High frame rate images of coalescing sucrose droplets
equilibrated to different relative humidity (RH) values (29); (b) Droplet
aspect ratios during coalescence for several droplets, each with different
viscosities (28); (c) Plot of viscosity against RH for 1,4-butanetriol, citric
acid, and sucrose.

Conclusions

Aerosols are complex, highly nonideal systems that ex-
hibit properties that often cannot easily be represented
by bulk studies. Optical tweezers are a versatile ap-
proach to study problems in aerosol science on a single
droplet level, with a wide range of potential applications
spanning atmospheric science to materials science and
pharmaceuticals. We showed that single droplet Raman
spectroscopy provides a spontaneous Raman signal
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Figure 8: (a) Fractional change in droplet size over 1400 s for a maleic
acid—sucrose droplet at four different relative humidity (RH) values,
showing the gradual retardation in maleic acid evaporation as RH
decreases. The green envelope shows the range of the data for the
mixture at 10% RH (data not shown for clarity). (b) Time-dependence of
the normalized spontaneous Raman signal intensity of the maleic acid
vinylic C-H stretch during oxidation experiments at different RH values
for a 5:1 mass ratio sucrose-maleic acid droplet. Purple triangles show
change in signal intensity for an aqueous droplet evaporating at 73%
RH without reaction. Gold triangles show the change in Raman intensity
during reaction of a 10:1 mass ratio droplet at 40% RH (30).

that gives information on chemical composition and
a stimulated Raman signal when the spherical droplet
behaves as a low loss optical cavity at wavelengths com-
mensurate with WGMs. Because WGM wavelengths are
highly sensitive to droplet size and composition, com-
parison of experimental resonances to those predicted
by Mie theory permits accurate and precise retrieval of
the droplet’s size and RI (to £2 nm and 0.0005, respec-
tively). Consequently, dynamic changes to droplet physi-
cal, chemical, and optical properties can be monitored
with high time resolution. These changes to droplet pa-
rameters enable determination of fundamental droplet
properties including hygroscopic response, vapor pres-
sure, surface tension, and bulk viscosity. Such informa-
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tion allows insight into molecular processes occurring
within picoliter volumes, including how parameters like
viscosity can affect the volatilization and reactivity of
semivolatile compounds in the droplet. Because aerosol
science is fundamental to many research areas, the AOT
approach has broad utility.
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Study of the Content of Inorganic
Arsenic and Heavy Metals

In Samples of Rice Cakes

In the City of Madrid

This study analyzes the presence of inorganic arsenic and heavy metals in different varieties of
rice cakes, both so-called “bio” (organic) and “non-bio,” as well as those made with white rice
and brown rice. Determination of cadmium (Cd), mercury (Hg), nickel (Ni), and lead (Pb) has
been carried out by inductively coupled plasma mass spectrometry (ICP-MS) for samples previ-
ously digested in a microwave oven. The analysis of inorganic arsenic has been carried out by
liquid chromatography (HPLC) combined with inductively coupled plasma-mass spectrometry
(HPLC-ICP-MS) prior to acid extraction. All samples analyzed are below the limits established
by local regulations. However, the content found for inorganic arsenic, cadmium, and nickel may
be a risk to health for children, who are the marketing target for some of the rice cake products.

Javier Peinador Asensio, Silvia Borobia Caminos, and Pilar Jiménez Navarro

and balanced diet is causing an increase in the con-

sumption of certain foodstuffs that are apparently
healthier. It should be noted there is a growing interest
among consumers about rice cakes, eaten as an appetizer
or a snack replacement for more caloric foods, such as sweet
cakes or snack chips. It is possible, however, that these rice
products are not as healthy as they seem, because there are
studies that demonstrate the presence of certain contami-
nants. In spite of this, a variety of rice cakes are marketed
for consumption by the entire population, and in some cases
intended specifically for infants and children.

As aresult of this trend toward consumption of healthy
products, there is also a boom in the production and con-
sumption of products categorized as organic, or bio, as
opposed to normal, or non-bio products. For consumers,
organic products are more popular, because they are con-
sidered to be of higher quality and believed to be free of
possible contaminants that normal products may have.

T oday, societal concerns about maintaining a healthy

Numerous studies (1-5) have been published showing dis-
turbing amounts of inorganic arsenic (1As) in these products.
In this regard, the national food agency of Sweden (National
Food Agency, NFA) conducted a study (6) on the content of
inorganic arsenic in rice products in 2015 and recommended
that children under six years old should not be fed rice cakes,
due to their high content of iAs.

Arsenic is a metal that is found naturally in the Earth’s
crust; it is present in the air, water, and soil. In the case
of food, it can occur in several different chemical forms,
both organic and inorganic. Nowadays, there is scientific
evidence demonstrating that inorganic arsenic, both As
(III) and As (V), is the most toxic and harmful to health,
because it has been proven that it can cause problems
related to fetal development, neurotoxicity, diabetes, and
cardiovascular diseases. In addition, the International
Agency for Research on Cancer has classified it as “carci-
nogenic to humans” (7), because it can cause skin cancer,
bladder cancer, and lung cancer.
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0.20 g sample

Add 10 mL of extraction solution
(HNO, 0.2% /1% H,0,)

Microwave extraction

Centrifugation
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HPLC-ICP-MS

0.50 g sample

O

Add 3 mL HNO,, 5 mL H,0,

0.5 mL HCl and 2 mL H,0,

ICP-MS

Figure 1: The steps in the analytical method used in this study.
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Figure 2: Arsenic speciation chromatogram showing a peak at 4.75 min for arsenate (As V).

The scientific technical committee
on contaminants in the food chain
(Contam) of the European food safety
authority (EFSA) adopted an opinion
(8) on arsenic in food. It modifies the
provisional tolerable weekly intake
(ISTP), established by the Joint Food
and Agriculture Organization of the
United Nations (FAO) and the World
Health Organization (WHO) (FAO/
WHO) Expert Committee on Food
Additives (JECFA), based on the ex-
istence of studies demonstrating the
toxicity of the iAs with exposure levels
lower than those reviewed by JECFA.
Thus, Contam set a limit of confidence

between 0.3 and 8 pg/kg of body weight
per day.

Scientific opinion (8) established
that children under three years of
age were those most exposed to foods
with iAs, because rice is a predomi-
nant ingredient in a wide range of
foods for this group. In general, it is
estimated that dietary exposure to
iAs of infants and young children
is between double and triple that of
adults.

In this context, this study has
been carried out for the deter-
mination of iAs and expanded to
included the analysis of various

www.spectroscopyonline.com

heavy metals, in order to conduct a
more exhaustive study of this type
of food. The specific heavy metals
analyzed were cadmium, mercury,
nickel, and lead.

The concentration of these heavy
metals can be considered especially
relevant when dealing with toxic
elements in doses that are harmful
to the health of consumers. Except
for Ni, these heavy metals are regu-
lated, and in numerous scientific
studies, their presence has been
demonstrated in food and the con-
sequences of their consumption have
been studied.

The European Union (EU) has
approved Commission Regulation
(EU) 2015/1006 (9), which modifies
the Commission Regulation (CE)
1881/2006, in which the maximum
content of iAs for rice and rice prod-
ucts is established. In a similar way,
measures at the global level (CODEX
Alimentarius) have also been adopted,
so it is possible to carry out control
measures of iAs in rice and products
derived from rice.

Commission Regulation (EU)
488/2014 (10), Commission Regula-
tion (EU) 2015/1005 (11), and Com-
mission Regulation (EU) 2018/73
(12) establish maximum limits for
Cd, Pb, and Hg in foods, respectively.
However, there are no limits in the
case of Ni. Currently, European au-
thorities are conducting a study (13)
to establish maximum limits for this
element in foodstuffs, as indicated in
the Commission Recommendation
(EU) 2016/1111 of 6 July 2016 on the
monitoring of nickel in food (14).

The samples analyzed in this study
correspond to different varieties of
rice cakes, both with the “bio” (or-
ganic) designation and without it, and
rice cakes made with white and brown
rice, all sold in the city of Madrid. In
total, 29 samples of rice cakes were
analyzed, of which 11 were labelled as
“bio,” while the remaining 18 did not
have this designation. Note that 10 of
the analyzed samples were made with
white rice, and 19 with brown rice,
because different studies have shown
different amounts of iAs in white rice
and brown rice.
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Experimental
Instrumentation and
Operating Conditions
The samples were digested in a mi-
crowave oven (Milestone model Ethos
One) equipped with output power reg-
ulation and automatic control systems
for temperature and pressure of all the
vessels, which allows for the monitoring
of both parameters during the process.
The containers used for samples are
PTFE tubes with lids, with a capacity of
100 mL; they were previously subjected
to a rigorous cleaning process, accord-
ing to the manufacturer’s instructions.
The temperature program used for
digestion is detailed in Table I (for the
determination of heavy metals) and
Table II (for the determination of iAs).
For the analysis of heavy metals,
an inductively coupled plasma-mass
spectrometry (ICP-MS) instrument
(Agilent Technologies model 7900),
equipped with an 89 position integrated
autosampler (IAS), was used. The oper-
ating parameters of the ICP-MS instru-
ment are outlined in Table IIL.
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Figure 3: Results obtained in the study for cadmium, nickel, and inorganic arsenic (iAs). BIO: Total
of analysed samples of rice cakes “BIO” (Brown + White); Non BIO: Total of analysed samples of
rice cakes “Non BIO” (Brown + White); WHITE: Total of analysed samples of rice cakes “White rice”
(BIO + Non BIO); BROWN: Total of analysed samples of rice cakes “Brown rice” (BIO + Non BIO).

Inorganic arsenic (iAs) determina- equipped with a model 1260 Quat
tions were performed using a high Pump VL quaternary pump, an
performance liquid chromatogra- injector (model 1260 ALS), and a
phy (HPLC) instrument (Agilent column compartment (model 1260
Technologies model 1200 Infinity), TCC). This HPLC system was used
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Table I: Temperature program for digestion in the determination of heavy metals

1 00:04:00 800 90 50
2 00:02:00 800 90 55
3 00:03:00 1000 120 70
4 00:03:00 1000 120 70
5 00:03:00 1000 150 85
6 00:03:00 1000 150 85
7 00:04:00 1300 190 125
8 00:25:00 1300 190 125

* T1 is the temperature inside the tube guide measured with a probe
T T2 is the exterior temperature of the tubes measured by IR

Table 1I: Temperature program for extraction in the determination of inorganic arse-

nic (iAs)

1 00:05:00 800 55 35
2 00:10:00 800 55 35
3 00:05:00 800 75 45
4 00:10:00 800 75 45
5 00:05:00 1000 95 60
6 00:20:00 1000 95 60

* T1 is the temperature inside the tube guide measured with a probe
T T2 is the exterior temperature of the tubes measured by IR

Table III: ICP-MS operating parameters for the analysis of heavy metals

Forward power 1550 Watts
Carrier gas 0.99 /min
Kinetic energy discrimination 5.0 Volts
He collision gas 4.5 mL/min
Spray chamber temperature 2°C

Data acquisition mode

Time resolved

Measured isotopes

6°Ni, 111cd, 202Hg’ 208Pb*

Internal standard isotopes

193¢ (for Pb and Hg)
103Rh (for Ni and Cd)

Integration time/point

1 sec

*Lead isotope 208 corresponds to the sum of the isotopes 206, 207, and 208.

in conjunction with the ICP-MS in-
strument referred to above. The op-
erating parameters of this system are
listed in Table IV.

The volumetric materials used
for all solutions were calibrated
polypropylene single-use tubes
(DigiTubes SCP Science), except
for the analysis of iAs, for which
centrifuge tubes, also single-use,
were used (VWR Metal Free, 15 mL
volume). Eppendorf brand micropi-
pettes were used for sampling cor-
responding aliquots.

Reagents and Standards

For the preparation of the reagents and
solutions for washing and rinsing of the
work material, deionized water (H,O)
class type I (resistivity: 18.2 MQ cm)
was used, purified using Milli-Q In-
tegral system. The nitric acid (HNO;,
65%) and hydrochloric acid (HCI, 37%)
utilized are quality pro analysis (p.a.),
supplied by Scharlau, and distilled in
the laboratory by a Savillex distiller
model DST-1000. The hydrogen per-
oxide (H,O,) was from Merck, 30%,
Suprapur. Glacial acetic acid was from

Scharlau, 99.8%, ultratrace and ppb-
trace analysis grade. The tuning solu-
tion for the ICP-MS instrument (Agi-
lent Technologies) contained 1 ug/L Ce,
Co, Li, Mg, Tland Y. Finally, the argon
and helium (99.999%) used in plasma
generation and interference elimination
were supplied by CONTSE.

In the case of the determination
of heavy metals, all standard solu-
tions were prepared with a mixture
of 2% HNO; and 1% HCI, based on
the following standards, having con-
centrations of 1000 mg/L: Cd (Sigma-
Aldrich), and Hg, Ni and Pb (VHG-
Labs).

Intermediate solutions of elements
of interest were prepared as follows: Cd
(1 mg/L), Hg (1 mg/L), Ni (10 mg/L),
and Pb (1 mg/L) were used to prepare a
multielemental standard (composed of
4 ug/L Cd, 5 pg/L Hg, 50 pg/L Ni, and
10 pg/L Pb) which is later used to pre-
pare the calibration standards. To do
this, the standard is taken and diluted
100 times, 25 times, 10 times, and 2.5
times, to obtain a calibration function
with 5 levels.

For validation of Cd, Ni, and Pb, a
multi-element standard of 1 pug/L was
prepared from a commercial standard
of 100 mg/L, provided by Scharlau,
and a standard of 1.016 pg/L Hg was
prepared from a 0.1016 mg/L NIST
reference material, used for verifica-
tion of the Hg control. Finally, 400
ug/L of Ir and Rh, prepared in a solu-
tion with 2% HNO3, 1% HCI, and 5%
acetic acid, was used as the internal
standard solution. This internal stan-
dard was prepared from solutions of
1000 mg/L of Ir (Sigma-Aldrich) and
Rh (Panreac).

For the analysis of inorganic arse-
nic, the solution used for extraction is
0.2% HNO; and 1% H,O,, noting that
the solution used for the preparation of
all standards was 0.2% HNO:;.

For inorganic As, the calibration
standards were prepared from a stan-
dard of As (V) (from As,Os) of 100
mg/L in H,O (VHG Labs). Using an
intermediate solution of 1 mg/L stan-
dard with 10 pg/L prepared, this sso-
lution was diluted 2.5 times, 10 times,
25 times and 50 times, to obtain a
calibration function with 5 levels.
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An analysis of another As (V) ref-
erence material of was included, with
the same specifications as the previ-
ous one, but in a different batch. Fur-
thermore, a control of the process of
oxidation of As (III) to As (V), using
a standard of As (III), supplied by
VHG Labs (from As,03); 100 pg/mL
in 2% HCI, was included.

The mobile phase composition
was 20 mM PBS / 2 mM EDTA / 3%
MeOH, in deionized water class type
I, pH = 6, using Panreac methanol
(CH;0OH) with a minimum assay
of 99.9%, pure Panreac disodium
ethylenediaminetetraacetate dihy-
drate (EDTA, with an assay of 99.0-
101.0%, and pure Panreac sodium
dihydrogen phosphate dihydrated
(assay 98.0-100.5%).

Sample Treatment
and Extraction Method
The steps of the analytical process are
shown in Figure 1.

The homogenization of all samples
was achieved by following the method
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Table IV: HPLC and ICP-MS operating parameters for arsenic speciation

Hamilton PRP-X 100

Column . Forward power 1550 Watts
anion exchange
PBS 20 mM, EDTA 2
Mobile phase mM, methanol 3%, Carrier gas 0.99 L/min
pH=6
Injection volume 50 pL Ic(i!ne'_clc_energy 5.0 Volts
iscrimination
Column temperature Ambient Helium collision gas 4.3 mL/min
Flow rate 1.0 mL/min Acquisition mode Time resolved
Measured isotopes 75
Integration time
point 0.5 sec
Run time 6:30 min

described in the standard UNE-EN
13804:2013 (15), using a grinder to
obtain a representative sample of the
product to be tested.

Determination of Heavy Metals

To begin, the homogenized samples were
weighed to 0.50 + 0.05 g. For the diges-
tion process, 3 mL HNO;, 5 mL H,0, 0.5

mL HC], and 2 mL of H,O, were added
and digested in the microwave (condi-
tions described in Table I), and, once the
process was complete, samples were left
to cool down to room temperature. The
solutions were then transferred to the
DigiTubes filled with up to 50 mL deion-
ized water. These prepared samples were
then ready to be analyzed by ICP-MS.
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Table V: Results obtained in the study of inorganic arsenic (iAs) and heavy metals

\r'{\i’?;te 7] 018 012 0038 7
\FI{Y(I;]eIteBm 3| 019 014 0050 3
E{é’g"“ 1 024 016 0063 11
Ef?gvglo 8 026 016 0078 8

0.033 0.033 = 1 0.60 0.23
0.181 0129 0.052 3 2.26 124
0.013 0012 0.002 2 0.87 0.32
0.114 0.055 0.036 7 1.34 0.65

018 7 0.075 0.029 0026 5
1.04 3 0.015 0.013 0003 2
030 1 0.019 0.015 0.004 3
039 8 0.028 0.020 0011 2

n = Number of samples analyzed in the study. S, = the standard deviation for the average values.
Quant. = Number of samples that have been quantified in each case.

Determination of Inorganic Arsenic
In this study, the determination of in-
organic arsenic was carried out as the
sum of arsenite (As [III]) and arsenate
(As [V]). This quantifies the peak cor-
responding to the As (V) obtained
with a retention time of 4.75 min (see
Figure 2).

The homogenized sample has been
weighed 0.2 £ 0.02 g, and 10 mL of
the solution prepared for extraction
has been added. Later, the sample was
treated in the microwave (conditions
described in Table II). In this process,
all of the As (III) in the sample is oxi-
dized to As (V). Once the process has
been completed, samples are left to
cool down to ambient temperature,
transferred to 15 mL tubes, and cen-
trifuged for 10 min at 24000 rotations
per min (rpm) The supernatant is fil-
tered using 0.45 um pore size nylon
filters, and is poured into 1 mL poly-
propylene vials to inject into the HPLC
instrument.

Validation and Quality Control

The analytical method used for the
determination of heavy metals is re-
quired to meet the criteria of the Com-
mission Regulation (EC) N° 333/2007
of March 28, 2007 (16) laying down
the methods for sampling and analysis
for the official control of the levels of
lead, cadmium, mercury, inorganic tin,
3-monochloropropanediol (3-MCPD),
and benzo(a)pyrene in foodstuffs and
its modifications. Validation has been
carried out according to the require-
ments of the standard UNE/EN-ISO
17025 (17) for testing laboratories, and
it is accredited by the Entity National
Accreditation (ENAC). In the case of

the determination of iAs, the analytical
method is in process of accreditation.
The results of the validation are shown
in Table VI.

For quality control, we have par-
ticipated in different intercomparison
exercises and additions of known con-
centrations of the analyte used to assess
the accuracy of the method. In the case
of iAs, a standard of As (III) has been
used as described in Section 2.2.

Results and Discussion

The results obtained in this study are
shown in Table V, detailing the maxi-
mum concentrations and average
concentrations obtained for iAs, Cd,
Ni, and Pb, as well as the number of
samples that have been quantified in
each case. The results for Hg are not
included in this table, because the con-
centrations obtained are <0.010 mg/kg,
and they have not, therefore, been able
to be accurately quantified.

All the results obtained in the deter-
mination of iAs were able to be quan-
tified. Nevertheless, it should be noted
that no sample exceeded the maximum
value established by Commission Reg-
ulation (EU) 2015/1006 (9) regarding
maximum levels of inorganic arsenic
in foodstuffs, set at 0.30 mg/kg for rice
cakes. However, taking into account a
value of 0.3 pg/kg of body weight as the
threshold of tolerable risk considered in
the studies carried out by the EFSA (8),
in the case of a six-year-old child (with
an approximate weight of 20 kg), for ex-
ample, the admissible threshold would
be 6 ug of iAs, and the consumption of
a single rice cake (about 30 g), with the
highest value of found iAs (0.256 mg/
kg) would result in the intake of ap-

proximately 7.7 ug of iAs. Therefore,
special attention should be given to rice
cake consumption by children.

In the case of Pb, the results obtained
are not considered significant, because
the concentrations were below the
thresholds referred to in toxicity stud-
ies published for this heavy metal (18).

In terms of the results obtained for
Cd, 60% of the analyzed samples are
quantified as having a concentration
>0.010 mg/kg. It should be noted that all
of these results are below the reference
value in the Commission Regulation
(EU) 488/2014 (10), where the maximum
content of Cd in rice has been estab-
lished as 0.20 mg/kg. However, health
authorities establishes a tolerable daily
intake of 0.36 pg/kg body weight (19) of
this heavy metal to ensure all consumers
have sufficient protection. Referring to
a previous example, a six-year-old child
should not exceed 7.1 pug of Cd daily in-
take. Hence, based on the data obtained
in this study and where the maximum
found value was present (0.181 mg/kg),
consumption of a single rice cake would
contribute 5.4 ug of Cd.

On the other hand, the values ob-
tained for Ni show a high concentra-
tion of this metal in rice cakes, levels
that even exceeded the concentra-
tions of other contaminants that are
regulated. Taking as a reference the
measured maximum value, the con-
sumption of a single rice cake would
contribute up to 67.8 pg of Ni, which,
at first sight, could be considered rel-
evant if compared to the established
maximum levels for other metals.

In addition, in the case of iAs, there
are no significant differences between
the rice cakes considered to be “bio”
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and “non bio”; on the other hand, more
iAs is seen in the rice cakes made with
brown rice than those made with white
rice. The content of iAs is not affected
by the type of rice cultivation (bio or
non bio), but the processing of the rice
has important influence as a factor
that reduces the concentration of iAs
in white rice compared to brown rice,
as shown in Figure 3.

The results for Cd and Ni high-
light that the “bio” rice cakes present
concentrations clearly higher than
the “non-bio” rice cakes, as shown in
Figure 3. In the case of Cd, there are
also significant differences between
rice cakes made with white rice ver-
sus those made with brown rice. On
the contrary, in the case of Ni, we can
see that there are no significant dif-
ferences between the content of these
metals in either variety of cake.

In this case, based on the deter-
mined quantities of Cd and Ni, we
can appreciate a large influence in
the type of rice cultivation but not so
much in the processing of the rice.

Conclusions

All rice cakes samples analyzed com-
ply with the legislation in force, be-
cause they do not exceed the maxi-
mum levels permitted; therefore, these
foods should be considered safe for
consumption.

However, based on the results ob-
tained in this study for iAs, Cd, and
Ni, it would be advisable that con-
sumption of rice cakes by children be
regulated by health authorities and
that greater control be maintained
over rice cakes that have with both
the designation of “bio” and are made
from brown rice.

On the other hand, the test method
used for the analysis of Cd, Hg, Ni,
and Pb by microwave acid digestion
and determination by inductively
coupled plasma-mass spectrometry is
considered a valid option to carry out a
study as presented in this publication,
obtaining results in accordance with
the requirements of the UNE-EN ISO
17025 standard.

The coupling of liquid chromatog-
raphy to ICP-MS is a recommended
method for chromatographic separa-

tion of the different species of arsenic,
for the analysis of inorganic arsenic,
determined as the sum of As (III) and
As (V).
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Feasibility Study of Portable
X-ray Fluorescence (pXRF) for
the Determination of lodine in
Pharmaceutical Products

A quick and accurate method for the determination of iodine in pharmaceutical products is criti-
cal for manufacturers to ensure product quality and to comply with the legal requirements as
determined by authorities such as the Therapeutic Goods Administration (TGA) in Australia. As
a noninvasive and nondestructive method of testing that requires little to no sample preparation,
pXRF has been found to be one of the most efficient and economic analytical tools for elemental
analysis in a wide range of applications. In this study, an approach using pXRF offers another
option for the determination of iodine in multivitamin tablets, which is proving superiority for

quality control on the production line.

Michael Wu

tant role in human growth and development. Both iodine
deficiency and iodine excess are detrimental to human
health (1).

Iodine is often added in multivitamin tablet products, with
concentrations ranging from 50 to 150 g per tablet. Some
special sea kelp tablets contain relatively high levels of iodine.
Given that an elevated concentration of iodine is associated
with various negative health effects, a quick and reliable
method for the determination of iodine is necessary for the
purposes of quality control and product release.

The conventional method to determine iodine for phar-
maceutical manufacturers is highly time-consuming, due to
the extraction process required. It has been evidenced that
inductively coupled plasma-optical emission spectrometry
(ICP-OES) and inductively coupled plasma-mass spectrome-
try (ICP-MS) are effective means of measuring iodine in phar-
maceuticals (2). However, both methods require lengthy pro-
cedures for sample dissolution and extraction and the setup
of the required instruments. In addition, neither method is
practical as a quick on-site testing method for quality control.

I odine is an essential trace element that plays an impor-

This study explored the feasibility of iodine determination
in pharmaceutical products using portable X-ray fluorescence
(pXRF), which has been recognized as an efficient tool and as
the first-line screening method of choice in many industries.
This study aims to develop both a quick approach for homo-
geneity testing of mixed product powders, and an analytical
method for the accurate determination of iodine (> 50 pg/g)
in multivitamin tablets.

Materials and Methods
In this study, more than 10 multivitamin products from the
local supermarket were collected. The products were manu-
factured with different compositions, with the iodine con-
centration ranging from 50 pg per tablet to 280 pg per tablet,
according to their labels.

For accurate analysis of the tablets, they were blended into
fine powders, and packed in an XRF sample cup sealed with
Mylar TF-160-255 film. The analysis was performed on a
portable XRF analyzer (SkyRay Explorer 7000). A user mode
(or calibration) was developed based on the factory settings.
This XRF analyzer provides an “expert” mode, in which
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the user can setup various instrument
conditions including the excitation
source, collimator, filters, peak signal
calculations, and interference correc-
tions. A test stand was used to ensure
the sample test position is consistent.
All samples were analyzed with the
settings of 45kV 50 uA and 180 s. It
was observed that after 120 s, the sig-
nals were almost consistent.

For the homogeneity tests, tablets
may be determined directly, but care
must be taken to ensure the tablets are
placed in the same test position in front
of the test window.

Results and Discussions

In this section, the method was as-
sessed and discussed according to
the ICH Harmonized Tripartite
Guideline, Validation of Analytical
Procedures: Text and Methodology
Q2(R1) (3).

Specificity

Specificity is the ability to assess
unequivocally the analyte in the
presence of components that may
be expected to be present. The
most powerful and principal en-
ergy signal of iodine Ka is found
at 28.612 keV, at which the possi-
ble spectral overlap may be from
tin K at 28.485keV, antimony at
Kp 29.73keV, and tellurium at Ka
27.47keV. In this study, a pXRF
analyzer demonstrated a resolu-
tion of approximately 0.15 keV. No
evidence of possible overlap from
these interferences was observed,
thus demonstrating the specificity
of the method.

Accuracy

The label values of each product and
the expected values of the spiked
samples were used as the acceptable
values to benchmark the measured
results (Figure 1). In addition, NIST
SRM 3280 multivitamin tablets were
analyzed, and the certified value
of iodine was used as the standard
value for assessing the accuracy of
the method. The initial calibration
curve was established using pure io-
dine standards made from the mix-
ture of potassium iodide and silicon

dioxide. By analyzing all different
multivitamin samples, including
the NIST SRM 3280, an adjustment
factor was input into the calibration
curve to correct for matrix effects.
Then, the adjusted calibration curve
was verified by analyzing the NIST
SRM 3280. Once consistent results
were achieved, a generic calibration
for the multivitamin matrix for all
products was generated.

The accuracy test results are listed in
Tables I and IL
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As a matter of fact, each tablet prod-
uct has a different matrix. To obtain
more accurate results for each indi-
vidual product, the calibration curves
may be fine-tuned for each specific
tablet type.

Precision

In this study, short-term repeata-
bility checks were carried out and
the relative standard deviation
(RSD%) in percentage was used to
assess precision. Like any other in-
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Table I: Accuracy data of various multivitamin tablets

Product 1 254 231 110
Product 2 374 369 101
Product 3* 81 79 103
Product 4 59 66 90
Product 5 92 94 98
Product 6 189 203 93
Product 7 160 158 101
Product 8 151 158 96
Product 9 86 97 89
Product 10 139 133 104
Product 11 128 133 97
Product 12 237 278 85
Product 13 886 900 98
Product 14 100 106 94
Product 1 134 133 101
Product 2 155 158 98
Product 3 232 243 96
Product 4 127 108 118
Product 5 246 231 106
Product 6 197 201 98
Product 7 132 133 100
Product 8 94 102 93
Product 9 101 94 107
Product 10 121 106 114
Product 11 71 66 108
Product 12 868 900 96
Product 13 357 369 97
Product 14* 78 79 99
*Calibrated with specific matrix match standards

strumental method, the precision
varies with the analyte concentra-
tions. The RSD% is usually higher
when the concentration is close to
the reported limits. The precision
test results at the level of around 80
pg/g and 100 pg/g are illustrated in
Figure 2 and Figure 3.

The same precision test at the 80
u/g level was performed on three

different dates, and the RSDs (as %)
were 7.8%, 9.5%, and 8.7%, respec-
tively.

The precision achieved was compa-
rable to the precision of other methods.
The National Institute of Standards and
Technology (NIST) reported precisions
of 7.6-8.6% for iodine (~132 pg/g) on
multivitamin certified reference mate-
rial using the methods, such as ICP-MS

and instrumental neutron activation
analysis (INAA) (4).

For the iodine content level at 500
ug/g, the RSD% valves were found con-
sistently to be from 3 to 5%.

Detection Limit

In this study, the detection limit was
reported as three times the standard
deviation of a real multivitamin sam-
ple, with very low iodine concentra-
tion analyzed seven times. The typi-
cal detection limit of this method is
around 20-30 pug/g.

Increasing the measurement time
will improve the detection limit. The
current measurement time was set as
180 s, further increasing the meas-
urement time to 240-300 s will im-
prove the detection limits to around
10-20 pg/g.

Linearity

The typical linearity of this method
was up to 1000 pug/g with a coefficient
of determination (R?) of greater than
0.999 (Figure 4), which covers the
iodine concentration in almost any
multivitamin product.

It must be noted that, for an XRF
method, the calibration curve estab-
lished from the pure analyte may not
be suitable for the real samples. Ide-
ally, a calibration curve should be spe-
cifically established for each product
using standard addition calibrations
for each product to get the best results.

Range

The range of an analytical procedure
is the interval between the upper and
lower concentration (amounts) of an-
alyte in the sample (including these
concentrations) for which it has been
demonstrated that the analytical pro-
cedure has a suitable level of preci-
sion, accuracy, and linearity.

With the tablet products sourced
from the supermarket, the lowest
concentration is 50 pug per tablet and
the highest concentration is 280 pg
per tablet; considering the tablet
weight, the lowest concentration is
62.5 pg/g and the highest concen-
tration is 900 pg/g. An RSD of ap-
proximately 15% at the low concen-
tration of 62.5 pg/g, and an RSD of
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around 5% at the high concentration
of above 300 pg/g, were observed.

Robustness

The robustness of an analytical pro-
cedure is a measure of its capacity
to remain unaffected by small but
deliberate variations in method pa-
rameters and provides an indication
of its reliability during normal usage.
In this study, the following variations
were deliberately introduced, and the
effects of these were assessed:

Effects of the Tablet Shape,

Coating, and Size

The tablet may be placed in front of
the XRF window for direct iodine
measurement. However, the tablet
position, size, shape, and coating will
affect the test results. Direct measure-
ment may be used for comparisons
between each single tablet of the same
product, each time the tablet must be
placed in front of the XRF measuring
window in the same manner.

For quantitative analysis, it is
suggested to blend the tablets into
powder before measurement, so that
the effects of the tablet sizes and
shapes are minimized.

Effects of Powder Density

and Sample Depth in the XRF Cup
Once a fine powder was obtained, the
powder was packed into an XRF cup
by repeated tapping. The cup should be
filled to at least 1.5 cm in depth. No sig-
nificant difference in analytical signal
was observed when the cup was filled to
more than 1.5 cm. It was observed that
the XRF signal intensity changed when
the sample density changed.

Effects of Measurement Time

The longer measuring time will im-
prove the measurement precision and
the detection limit and quantity limits.
However, when the measuring time is
longer than 180 s, less improvement
was observed.

Matrix Effects

Physical matrix effects result from the
variation in the physical and chem-
ical characteristics of the samples,
which include sample composition,
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Table 1I: Accuracy data of NIST SRM 3280 multivitamin tablets

1 123 93
2 115 87
3 12 85
4 131 99
5 117 88
6 130 98
7 138 104
8 137 103
9 131 98
10 138 104
Average 127 96
sd 9.9 7.5
RSD (%) 7.8 7.8

*Recoveries were calculated based on the certified value of 132.7 pg/g.
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Figure 1: Correlation between the label values and the obtained values by the pXRF method.

particle size, uniformity, homogene-
ity, and surface conditions. It was ob-
served that the iodine signal was sup-
pressed in some product matrices, but
was not changed in other products. In
general, pXRF is a technique that re-
quires “full match” of the calibration
standards and the samples in terms
of the composition and test condi-
tions if accurate results are required.

Applications

With the method developed, it takes
about 10 min to complete the analy-
sis, including blending tablets into

powder, packing the sample powder
into an XRF cup, and measuring in
the pXRF analyzer.

With the feature of nondestruc-
tive and in-situ testing, pXRF is an
ideal option for on-line monitoring of
product quality at different stages of
production.

In addition, the multivitamin tab-
lets can be directly placed in front of
the pXRF test window for iodine de-
termination, which makes it an easy
way to identify the difference or the
homogeneity between tablets for the
same type of product.
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Figure 2: lodine accuracy and precision test results at the level of ~ 80 pg/g. The average
concentration of the iodine was 76 pg/kg with RSD = 7.8% (n = 10).
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Figure 3: lodine accuracy and precision test results at the level of ~ 100 pg/g. The average value
of iodine in 10 tested tables was 113 pg/kg and the RSD% was 7.6%.
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Conclusions

The analytical performance of the
method for the determination of io-
dine in pharmaceutical products,
such as multivitamin tablets, was
evaluated in terms of accuracy, pre-
cision, and other parameters. The
method presents advantages such as
direct determination of iodine with
minimum sample preparation and
fast results within minutes, making
pXRF an ideal tool for quality con-
trol purposes in the pharmaceutical
production line. This method may
potentially be applied for other el-
ements such as iron, zinc, and sele-
nium in multivitamin tablets and
other products.
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SPECTROSCO

MOVING MID-IR SPECTROSCOPY

FORWARD IN MEDICINE

Mid-infrared (mid-IR) spectroscopy excels in the speed of data acquisition, and this feature has led spectrosco-
pists to pursue mid-IR spectral imaging in particular as a valuable future tool for medicine, in areas such histo-
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pathology and cytology for disease research, and clinical diagnostics. Nick Stone of the University of Exeter, UK,
spoke to Spectroscopy about the advantages of the technique, and the latest technological development that
are advancing the capabilities of mid-IR spectroscopy for use in medicine.

Alasdair Matheson

You are well known for your work in
Raman spectroscopy. Recently, however,
you have collaborated on some projects
using mid-IR spectroscopy for biological
samples. Are there circumstances where
mid-IR offers specific advantages for bio-
logical or clinical applications?
Absolutely. Raman and IR spectroscopy
are complementary techniques that are
able to probe the vibrational modes of
biomolecules of interest, and therefore
are useful to study the composition and
microenvironment of tissues and cells
as disease develops (1). We have worked
on Raman and IR in parallel for many
years to ensure that complementary in-
formation is available to us in our work
developing methods for clinical diag-
nostics. Working with both techniques
has allowed us to assess the relative pros
and cons of each approach for particular
clinical applications. We previously un-
dertook a parallel study on IR and Raman
for identification of secondary cancers
in mediastinal lymph nodes. Both ap-
proaches provided an almost identical
performance when using multivariate
prediction of disease (2).

There are, of course, pros and cons
for each approach, particularly around
sample preparation and use in vivo and
ex vivo. Raman usually allows for little
sample preparation, and IR usually re-
quires dry, thin sections. However, mid-
IR imaging excels in the speed of acqui-
sition of the data, and this advantage
has led us and other groups to consider
mid-IR spectral histopathology as a key

future tool for medicine (3). Current “gold
standard” cancer diagnostics use forma-
lin-fixed paraffin-embedded tissue sec-
tions for staining and histopathological
analysis. These sections, when mounted
on the appropriate IR transmitting slide,
can be used unstained for analysis of
disease-specific molecular changes.

My team in Exeter have been collabo-
rating recently on two European proj-
ects seeking to develop IR technologies
to further maximize the technique’s po-
tential for spectral histopathology. Rohit
Bhargava of the University of Illinois at
Urbana-Champaign, Wolfgang Petrich
of the University of Heidelberg and phar-
maceutical company Roche, in Frank-
furt, Germany, and others, have shown
the value of discrete frequency imaging
with quantum cascade lasers (QCLs) as
a method to speed up the collection of
images at a set of specific wavelengths of
interest (4,5).

We worked as part of the MINERVA
consortium, a European Commission
funded project that aims to develop pho-
tonic technology in the mid-IR to im-
prove early cancer detection, to develop
mid-IR supercontinuum sources with
acousto-optical tunable filters for applica-
tion in discrimination of malignancies in
the colon (6). We are also working, as part
of the Mid-TECH consortium, a consor-
tium of academic and industrial partners
in Europe to advance mid-IR spectros-
copy, on a combination of tunable light
sources (QCLs, or optical parametric
oscillators [OPOs]), coupled with upcon-

version technologies, to enable detection
of IR-converted light with silicon-based
charge-coupled device (CCD) detectors,
with the objective of simplifying systems
and reducing costs by removing the need
for cryogenic cooling of detectors (7).

Have there been any recent technological
advances that have made mid-IR spec-
troscopy more viable as a technique in
medicine?

Certainly, there are a number of recent
developments that will revolutionize
the use of IR for real-time microscopic
imaging of biological specimens. As I
mentioned previously, tunable laser light
sources—QCLs, supercontinuum, or
OPO systems—allow for significantly
improved intensity and optimized high-
resolution imaging, compared with glo-
bar, thermal IR sources.

The major clinical benefit of discrete
frequency imaging is that clinicians can
view molecular images in real time, much
as they would now, but with the ability to
dial up the molecular “stain” of interest
by changing the wavelength.

Furthermore, chalcogenide fibers for
transmission of mid-IR light and upcon-
version imaging are likely to have a major
impact on this field (8).

The issue of coherence can limit image
quality, and a number of strategies have
been developed to overcome this. One
approach is simply to measure all of the
light in a single detector, and raster the il-
lumination point; that is, to map it rather
than image it. This overcomes variations
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in intensities measured at each pixel
caused by speckle when using coherent
sources to obtain wide-field images.

One of your recent collaborations involved
the use of mid-infrared multispectral tis-
sue imaging using a supercontinuum
source. What was the aim of this project,
and what were the benefits of using a chal-
cogenide fiber supercontinuum source?
The aim of this project was to provide a
bright and tunable source as an alternative
to QCLs. QCLs have been demonstrated
to be most dominant at long wavelengths
(5-12 pm), and following recent develop-
ments in the MINERVA project, super-
continuum sources are now dominant at
shorter wavelengths (2-5 pm). However,
the MINERVA consortium were able to
deliver a supercontinuum source able to
cover much of the fingerprint region of
the spectrum (1000-1800 cm-1 or around
5-10 pm), albeit with low power at longer
wavelengths (9). Further developments in
this area are ongoing. One output from
the project was a shorter wavelength su-
percontinuum source covering the high
wavenumber region of the IR spectrum,
and providing an intense source able to
be used for a number of biomedical appli-
cations (10). Successful development of a
broadband supercontinuum light source
covering the fingerprint and high wave-
number region is likely to be much cheaper
than the requirement for numerous QCLs
to cover the same range. That said, a tun-
able filter is still needed, unless the super-
continuum source is used as the source for
the Fourier-transform (FT) interferometer,
which then removes the benefit of rapid
discrete frequency imaging.

What were the main obstacles you had to
overcome?

Technology! It is difficult to make
chalcogenide fibers of sufficient qual-
ity. Angela Seddon’s group in Not-
tingham were able to do this, and,
with Ole Bang’s group in DTU in
Denmark, they were able to deliver
the world’s first supercontinuum
light source in the fingerprint region
(9). Christian Pederson and Peter
Tideman-Lichtenberg’s group, also at
DTU, have been driving forward the
upconversion detection instrumenta-
tion and methodology (11).

Coherence in wide-field imaging is
also an issue that a number of groups
have been seeking solutions for. As men-
tioned above, the simplest solution is to
merge all the photons into one detector
and remove the speckle problem, but this
reduces other strengths of the approach
for real-time imaging.

Could the approach using a chalcogenide

fiber supercontinuum source be useful in

other tissue imaging applications?

Yes. This approach is applicable to all

biological tissues, although, to date, really
only the high wavenumber region of the IR
spectrum has had sufficient photons gen-
erated with a supercontinuum source to

provide data of similar quality to an FT-IR
instrument. Clinical diagnostics are possi-
ble in this wavelength range (12), but more

subtle changes, such as early cancers, usu-
ally need the fingerprint data to improve

the accuracy of discrimination.

You also used mid-IR for hyper-spectral
imaging for label-free histopathology and
cytology. What specific advantages does
mid-IR offer for this these applications?
As mentioned before, mid-IR spectroscopy
allows molecular analysis of unstained tis-
sues, rapid analysis, and, potentially, the au-
tomated prediction of disease, and analysts
only need to view a single section for nu-
merous molecular stains of interest (13). Cy-
tology is trickier because of Mie scattering
effects, but Achim Kohler and others have
worked hard to overcome this problem with
post-measurement corrections (14).

What were your main findings?

Discrete frequency imaging approaches
and upconversion detection can be read-
ily used to provide molecular distribu-
tions across tissue sections. There is still
some way to go to ensure that these in-
struments can deliver the spectral quality
or reproducibility of FT-IR instruments,
but this does not appear to be an impos-
sible task (15). Ongoing work is show-
ing the viability of generating similar IR
spectral histopathological images using
various instrument configurations (16).

Are you planning to explore your research
in mid-IR further?

Yes. Now that we have systems that can
provide the signals we need, we will begin

to explore the clinical needs where this will
be most useful, and seek to translate it to the
clinic, if possible, for the benefit of patients.

In what specific area of clinical use do you
think mid-IR spectroscopy has the greatest
potential? Are there any misconceptions
that are stopping mid-IR spectroscopy
from being used in this field?

Linking mid-IR imaging with digital
pathology is the next key step. Many
experts in machine learning have been
able to provide pretty good predictions of
disease based on pattern recognition and
two stains in an RGB image. A few more
channels, albeit at lower spatial resolution,
should provide much improved perfor-
mance, particularly for the pathologies
that are most difficult to reliably identify,
such as dysplasias and early cancers.

The real power of vibrational spectro-
scopic measurements lies in their ability
to measure the biochemistry of the tissues
of interest; this is the downstream expres-
sion of any genetic mutation, and will pro-
vide us with information relating to the
future outcome of that disease. We are at
the birth of this field in one sense, even
though IR and Raman have been around
for decades. The real breakthroughs will
come when tens to hundreds of thousands
of patients’ samples, with particular con-
ditions and their outcomes, are measured,
and machine learning approaches are
used to extract the key prognostic mark-
ers. Then, and only then, will IR really be
providing the significant added value that
it has promised for so long.
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LIBS: FUNDAMENTALS, BENEFITS,

AND ADVICE TO NEW USERS

Laser-induced breakdown spectroscopy (LIBS) has developed significantly in recent years, and adoption of the
technique has increased at the same time. Yet many spectroscopists are still quite unfamiliar with the technique.
In this interview, Mohamad Sabsabi of the National Research Council of Canada explains the fundamentals of
the technique, its recent evolution, and its benefits and limitations, and offers advice for new users.

Laura Bush

Can you describe the concept of laser-in-
duced breakdown spectroscopy (LIBS), for
those who are new to the technique?

The reader can find the concept of LIBS

described in almost any LIBS paper. Ba-
sically, everyone knows when we focus a

laser beam on a sample, the irradiation in

the focal volume leads to local heating of the

material. When the irradiance of the laser
pulse exceeds the threshold of material ab-
lation (> MW/cm?), there is vaporization

and a hot ionized gas (called a plasma) is

formed. In this plasma, atoms and ions are

in excited states that emit light by radiative

decay. Quantitative and qualitative analy-
ses can be carried out by collecting and

spectrally analyzing the plasma light and

monitoring the spectral line emission posi-
tions and intensities. The technique based

on that approach is called laser-induced

breakdown spectroscopy (LIBS).

The LIBS technique is a form of atomic
emission spectroscopy of plasma generated
by alaser focused on the material to be ana-
lyzed. Itis similar to other optical emission
spectroscopy techniques based on plasmas,
such as spark ablation, glow discharge, in-
ductively coupled plasma, or arc plasma
techniques. However, these techniques use
an adjacent physical device (electrodes or a
coil) to produce the plasma, whereas LIBS
uses the laser-generated plasma as the hot
vaporization, atomization, and excitation
source. This gives LIBS the advantage that
it can interrogate samples at a distance
and analyze the material without contact,
independent of the nature of the sample,
thus making it suitable for in-the-field and
real-time analysis of any type of material,

whether in the solid, liquid, slurry, or gas
phase. The capabilities of LIBS to effectively
carry out fast, in situ, real-time, and remote
spectrochemical analysis with minimal
sample preparation, and its potential ap-
plications to detect traces of a wide variety
of materials, make it an extremely versatile
analytical technique.

Can you tell about how LIBS has evolved?
These attributes of LIBS attracted the inter-
est of spectroscopists, analytical chemists,
and physicists since the invention of the
laser in the 1960s; indeed, the first work on
LIBS appeared in 1962. Since then, more
than 13,700 papers have been published in
the field of LIBS, covering both fundamen-
tals and applications. Any literature will re-
veal the significant increase in the annual
number of LIBS papers in recent decades,
from a few in the 1960s to an annual rate of
more than 900 today. And the field is still
growing.

LIBS has been the subject of several
books in recent years (1-7) and numerous
review papers, and some of these document
the history of the technique. In particular, I
refer the reader to a chart provided in the
introduction of the Cremers and Radziem-
ski book (1) that illustrates the evolution of
LIBS.

When we look at the development of
the technique, we need to consider that
the LIBS plasma is quite simple and yet
complicated at the same time. You need
a laser as a source of energy to generate
the plasma. The plasma formed depends
on the characteristics of the laser (energy,
duration, focussing condition, wavelength,

beam quality), on the characteristics of the

sample (thermal conduction, melting and

vaporization temperature, and so on), and

on the ambient atmosphere where it is cre-
ated. To extract the information from the

light emitted, you need a spectrometer to

diffract the light, and a detector to convert

photons to an electrical signal you can work
with. It involves several fields of science,
such as laser-matter interaction, plasma

physics, atomic physics, plasma chemistry,
spectroscopy; electro-optics, and signal pro-
cessing. The LIBS plasma is transient (that

is, it is space- and time-dependent), unlike

an inductively coupled plasma, arc plasma,
or glow discharge plasma, which are all sta-
tionary. This characteristic dictates some

restrictions on the ability to transfer tools

used with other emission spectroscopy
techniques to LIBS. Therefore, the devel-
opment of LIBS over the years has been
closely tied to the development of enabling
tools (such as pulsed lasers, detectors, and
spectrometers) and ongoing improvements

in their performance.

We can distinguish four periods in the
development and use of LIBS over the last
five decades. During the first period, prior
to the 1990s, the plasma was generated by
inadequate lasers, and the emission of the
plasma was observed mostly time- and
space-integrated, with the limited use of
single channel photomultipliers (PMT) as
detectors for time-resolved spectroscopy; so
only limited analytical quantification was
achievable.

Then, in the 1990s, the arrival of the
intensified charge-coupled device (ICCD)
detector after the Cold War made it possible

TOM FULLUM/GETTY IMAGES
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to observe time-resolved emission for several lines simultaneously
in a given spectral window, rather than only one line as allowed

by the single channel photomultiplier tube (PMT). This ability at-
tracted some research groups to develop the understanding of the

LIBS plasma and how it can be used for spectrochemistry. This

development provided new capabilities for LIBS at the end of the

1990s and beginning of the 2000s, which allowed LIBS to address

new emerging applications.

In addition, the echelle spectrometer coupled with an intensi-
fied charge-coupled device (ICCD) camera allowed time-resolved
broadband spectra, and opened new ways to extract more informa-
tion from the LIBS plasma. This capability was strengthened by
the arrival of the Sony linear CCD array chip, which enabled the
use of a low cost gated CCD camera. The combination of a gated
CCD with low cost compact Czerny Turner spectrometers enabled
a growth in the number of laboratories working on LIBS along
with newcomers, and an increase of new applications that became
feasible with the new capabilities. More importantly, it encouraged
some LIBS spin off companies to enter the market.

In the third period, from 2000 to 2010, the first conference de-
voted to LIBS was held. It was organized in Pisa in 2000 by Vincenzo
Palleschi’s group. Since then, the series of LIBS International con-
ferences has been organized every two years, alternating with the
Euro-Mediterranean symposium conference (EMSLIBS), which
was started in Cairo by Mohamed Abdel Harith’s group in 2001.
A similar LIBS symposium began in North America in 2007 and
was organized by Jagdish Singh and Andrzej Miziolek. During
that period, LIBS found its way across a variety of applications and
disciplines in geology, metallurgy, planetary science, defense, food,
environment, industry, mining, biology, automotive, materials sci-
ence, aerospace, forensics, pharmaceuticals, security, and more. Also,
more companies entered the market to commercialize LIBS systems.

In the last 10 years, the miniaturization of LIBS equipment has
opened new opportunities to perform real time measurements and
respond to emerging needs under conditions in which other spec-
troscopic techniques cannot be applied. In addition, the progress
of laser technologies, such as the diode pumped laser and the fiber
laser, with the improvement of the beam quality, led to better con-
ditions for plasma generation and better analytical performance.
Furthermore, the high repetition rate and the low cost of ownership
of these devices have met the requirements of acceptance for several
industrial applications in terms of speed of analysis and cost. Big
players entered the market, and now offer handheld LIBS systems.
Nowadays, as an example, the operating lifetime of a fiber laser is
around 100,000 hours, or 11 years, of 24/7 use without any con-
sumables, which is better than the TV in our houses. I remember,
26 years ago, in the first LIBS work we carried out in our laboratory
at the National Research Council (NRC) of Canada, we were using
an excimer laser to generate the plasma. During operation, you
started with a certain energy per pulse in the morning and ended
with half that energy at noon. At the same time, the solid YAG laser
was bulky and very fragile, even for laboratory use.

To summarize, during the last three decades, extensive research
has been carried out on the influence of the parameters affecting
the analytical signal, to improve LIBS performance. Meanwhile,
dynamic technological development in the field of solid state lasers,
electro-optical detectors, and signal processing was successfully
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harnessed for LIBS. The analytical performance of LIBS for a multi-
element analysis now achieves a level that is equal to, or even better
than, that of classical methods. LIBS is currently considered one of
the most active research areas in the field of analytical spectroscopy.

Furthermore, in the last decade, we have been witnessing more
newcomers in the LIBS field from different regions of the globe, in
particular from China. An analysis of the literature during this
period shows clearly that China has surpassed the United States
as the largest contributor to the LIBS field in terms of the number
of papers.

What benefits does LIBS offer over alternative spectroscopic tech-
niques?

To answer that fairly, the right question would be: What are the

attributes of LIBS that can offer an advantage over other spectro-
scopic techniques for a given application? In my opinion, all tech-
niques are useful for what they are able to do and for their ability to

achieve the expected analytical performances for their appropriate

use. For instance, if you have a broken leg, you go to the hospital

to see an orthopedist, not an eye doctor. Both types of doctors are

needed, but for different types of problems. Following the same

logic, the benefits of LIBS over alternative spectroscopic techniques

stem from the fields of use. The analytical community should un-
derstand that logic. In my opinion, the time has come to accept

LIBS as a technique among other spectroscopic techniques.

What are the features of LIBS that make it beneficial?
I already mentioned the key features of LIBS in a previous answer.

Fluorescence
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In summary, LIBS can be applied on any
type of material (conductive or not), inde-
pendently of the nature of the sample or its
phase (solid, liquid, or gas). It has the ability
to interrogate a sample in situ and remotely.
It needs a minimal to no sample prepara-
tion. It can analyze any element in the peri-
odic table, regardless of its Z number (low or
high). It ablates a minute mass of materials
(in the ng to pg range). It is suitable for fast,
online analysis.

The literature shows clearly that LIBS has
emerged as a new member of the family of
analytical methods, with strengths and
weaknesses like other techniques. To make
this clearer for the reader, I will highlight
some general features by citing a few ex-
amples (not an exhaustive list), comparing
the LIBS to conventional techniques.

Solid analysis: When you analyze non-
conducting samples such as mineral ore,
soil, drug, ash, plastic, or wood, LIBS has
the advantage of analyzing light elements (Z
< 20) that cannot be analyzed by X-ray flu-
orescence (XRF), whether with a portable
system or in the laboratory. Furthermore,
the sensitivity of LIBS is better than XRF
using a handheld system, not only for light
elements, but also for other elements such
gold and precious elements.

Analysis of metals: For the analysis of
most solid metals, arc/spark spectroscopy
is mostly used as the standard technique.
LIBS and arc/spark spectroscopy have
similar detection limits. However, LIBS is
more suitable for fast analysis, whether for
online or at line measurement, compared
to arc/spark spectroscopy. In addition, LIBS
can analyze a sample without preparation
like cutting or polishing, and the laser can
clean oxide or dust from the surface prior
to analysis. LIBS can be used for depth
profilometry with very high spatial depth
resolution in the nanometer range, and also
for microanalysis.

Analysis of liquids: Atomic absorption
(AA) and ICP are standard techniques for
the analysis of liquids. Both techniques have
better relative detection limit than LIBS.
However, if the need is for at line or online
fast analysis, or for analysis in a harsh envi-
ronment, LIBS has a clear advantage. Again,
it has the advantage of eliminating the sam-
pling step and avoids contamination.

Microanalysis: LIBS has a clear advan-
tage for microanalysis because it operates in
air at atmospheric conditions, so there is no

need for a vacuum. In addition, it provides
fast analysis, thanks to the high repetition
rate of the laser (which can be in the range
of MHz for a fiber laser).

The analysis of molten metals: ICP and
arc/spark techniques cannot be applied to
the analysis of molten metals because of
their offline character and their need for
physical contact with the sample. LIBS of-
fers unique capabilities for that purpose,
and has come to be considered a standard
technique for this application. Our labora-
tory developed and patented an approach
for LIBS analysis of molten metals (8) that
is being implemented worldwide.

For the analysis of particles or inclu-
sions, LIBS has the advantages in terms of
sensitivity and speed of analysis. ICP, XRF
and glow discharge—optical emission spec-
troscopy are not suitable for particle detec-
tion, because of difficulties related to the
handling and more importantly the small
mass of the particles, which is well below
their minimal absolute detection limits.
LIBS is a very appropriate tool for this ap-
plication because of its very low absolute
limit of detection (LOD) (which is element-
dependent but in the range of attograms to
femtograms), and also the minute mass
needed for analysis.

What are the limitations of LIBS?

For some analytical applications, LIBS has
some limitations and inconveniences. Here
are a few examples, not to be considered an
exhaustive list.

Laboratory analysis of liquids for en-
vironmental applications: Because of the
small bulk of the LIBS plasma (a few mm?)
and its transient nature, LIBS suffers from
a relatively higher LOD compared to ICP
or AA (which have stationary plasmas, with
few cm? of volume). The LOD of LIBS is
element dependent, but mostly in the ppm
range, or even higher in the case of a por-
table system. This makes it ill suited to
the analysis of liquids when a lower LOD
is required, such as in environmental ap-
plications. Inductively coupled plasma
optical emission spectroscopy (ICP-OES)
and atomic absorption spectroscopy enjoy
LOD:s that are three orders of magnitude
better than that of LIBS for the analysis of
liquids.

Laboratory analysis of solid samples: The
probed bulk from a sample to be analyzed
by XRF is much larger than the volume

ablated by LIBS during the same measure-
ment time, which gives better sampling in
XRF than in LIBS for some applications.
This means that XRF is less dependent
on sample homogeneity than LIBS. This
statement should be taken with precau-
tion, however. Someone would argue that
this issue can be solved to some extent by
using a laser with a high repetition rate, or
by using a better sampling strategy. This is
true for some cases, but not always feasible.

Analysis of mineral ore samples: For the
analysis of precious metals in mineral ore,
the analysis that can be done by LIBS is
of the surface, which is not always repre-
sentative of the bulk material. AA, in turn,
requires samples to be digested; although
digestion is a lengthy and time-consum-
ing process, it helps ensure representative
sampling. The surface analysis issue is not
limited to LIBS, however. Other analyti-
cal techniques, such as XRF, infrared and
Raman spectroscopy; also analyze only the
surface of a sample rather than the bulk
material.

Laser safety for standoff analysis: Given
the ability of LIBS to interrogate a sample
remotely, there are also concerns related
to laser safety in an open path beam. The
pulsed laser used for LIBS is considered a
Class IV device, and special care should be
taken in some applications to avoid expo-
sure of the eyes to the laser beam or even
its reflection or diffracted light. Sometimes,
this can be done by restricting access to the
area, by wearing goggles that do not trans-
mit the laser beam, or by containing the
laser beam, thus shifting the device clas-
sification from IV to L.

What are the most common application

areas for this technique?

Clearly, there has been much progress in

the application of LIBS. Based on the lit-
erature, we can confirm that LIBS is gain-
ing acceptance in many industrial applica-
tions, and continues to receive significant

research emphasis around the world. And

we increasingly see LIBS units in corporate

laboratories, and even controlling indus-
trial processes.

LIBS has been used in many areas such
as geology, ecology, geochemistry, foren-
sics, pharmaceuticals, semiconductors,
consumer electronics, metallurgy, mining,
photovoltaics, metallurgy, planetary science,
defense, food, the environment, industry,
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mining, biology, automotive, materials
science, aerospace, forensics, pharmaceu-
ticals, security, and battery applications,
where consistent payback has been found
using this technology. In addition, there are
new areas for standoft measurements and
real-time continuous process monitoring in
industry, such as in raw-material or product
screening for impurities and contamination,
where LIBS has been implemented.

Do you have any advice for analysts using
LIBS for the first time?

There is still room for newcomers to im-
prove the analytical performance of LIBS
in resolving new challenges and to explore
new applications. In particular, the advent
of new enabling tools (laser, detector and
spectrometer) will promise bright future
for reaching new areas not studied yet. Here
are some recommendations for newcomers
to LIBS:

1) Attend tutorial courses given at LIBS
conferences to know the state of the art.

2) Remember that it is very easy to gener-
ate the plasma, but it is very complicated to
make it useful for spectrochemistry.

3) For the analytical chemist and the use
of chemometrics: the LIBS spectrum is very
rich, and there is a lot of useful informa-
tion hidden in the spectrum. Prior to any
chemometrics work, check the accuracy of
your experimental data, and understand
their experimental conditions. Remember
that we correlate the spectrum taken from
the laser-generated plasmas to the sample
by assuming the plasma composition is
representative of the sample. This compo-
sition varies with the conditions of creating
the plasmas. That condition is valid only if
you control the plasma generation in a re-
producible way from shot to shot. This as-
sumes the same ablation process of creating
reproducible plasma and excitation. If we
put garbage data in, then the model will
provide garbage data out.

4) Newcomers should be careful in using
the phrase “It has been done for the first
time.” They should look not only at recent
publications but also at the old literature.
There is no excuse for newcomers, and also
not for editors, for insufficient literature
searches. In the patent domain, a complete
search is a normal practice used by a patent
agent or examiner to determine for patent-
ability. Why can it not be done properly for
papers?

5) LIBS companies should be working
on solutions tailored toward the needs of
users, and make it easy for them to imple-
ment the technology and use it in their
day-to-day work. Not all users can afford to
hire a PhD to develop a method and run a
system. Users need a fast, practical solution
and not a system that is so difficult to use
that it ends up being shelved, thus hinder-
ing further adoption of the technique.

8) LIBS R&D institutions should focus
on programs responding to both the short
and long term questions where the tech-
nology can have a real impact, and avoid
reinventing the wheel.

9) As LIBS continues to mature, manu-
facturers will go through similar learning
curves to what we saw with XRF and OES
technologies. Mobile OES and handheld
XRF analyzers have been around for de-
cades, and the core components have vastly
improved in performance and accuracy.

What is your outlook for LIBS?
The principle of operation of LIBS is quite
simple, although the physical processes
involved in the laser-matter interaction
are complex and still not completely un-
derstood. LIBS remains an evolving tech-
nology, as optics and photonics research-
ers seek new ways to take advantage of
its strength and to overcome some of its
challenges. In my opinion, the LIBS field
is becoming crowded but not saturated yet.
In particular, as the need for quick and
on-the-spot analysis is increasing, the adop-
tion of portable and handheld instruments
is gaining momentum. That importance of
such instruments is due to their ability to
support online analysis of samples where it
is difficult to carry benchtop instruments.
Their key application areas include drug
identification, food inspection, environ-
mental applications, metallurgy, and the
defense sector. Portable instruments are
gaining more importance especially in
the food and healthcare industries. Higher
growth is expected in many regions of the
world, where the need for safety in drugs,
food, and environmental health is increas-
ing. Portable instruments do not require the
use of reagents, do not produce analytical
waste, are fast and allow on-the-spot analy-
sis, and have increasing features and func-
tionality. Thus, portable instruments are
good candidates to respond to the growing
needs for in-situ analysis and they also con-
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tribute to keeping the environment green.
The portability aspect of the LIBS devices

constitutes a major asset of this evolving

technology. However, the level of portabil-
ity needed for some applications imposes

some restrictions on the choice of many
of the core components used in a low cost

LIBS handheld sensor unit.
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ICP-OES analyzer

Spectro's SPECTROGREEN inductively-
coupled plasma—optical emission
spectrometry (ICP—OES) analyzer is
designed with Dual Side-On Interface
technology that uses a vertical plasma
torch, observed via a new variety of
direct radial-view technology. According
to the company, two optical interfaces
capture emitted light from both sides
of the plasma, using a single extra
reflection for added sensitivity.

Spectro Analytical Instruments GmbH,
Kleve, Germany.

www.spectro.com

&

CTNOGREEMN

=

Dual-Beam UV-vis spectrophotometer

The DS5 UV-vis spec-
trophotometer from
Edinburgh Instruments is
designed with a dual lamp
and Czerny-turner con-
figuration monochromator.
According to the company,
the spectrophotometer
features a compact high-
throughput optical system,

low stray light, and baseline flatness, with wavelength and photomet-

ric accuracy and reproducibility.
Edinburgh Instruments, Livingston, UK.
www.edinst.com

Pharmaceutical analyzer appllcatlon note

An application note from Renishaw
describes how its RA802 pharmaceutical
analyzer can be used to screen a

range of pharmaceutical samples for

the presence and crystalline form of
active pharmaceutical ingredients

(APIs). According to the company, the
note explains how determining the API
forms present at various stages in the
manufacturing process can be used to
understand polymorphic conversion under
different storage conditions.

Renishaw Inc., West Dundee, IL.
www.renishaw.com/raman

X-ray window

The BX-1 X-ray window from Mox-
tex is designed to withstand tem-
peratures up to 200 °C. According
to the company, the window is
suitable for applications requiring
high transmission of low energy
X-rays, is constructed entirely out of
low-Z materials, and has improved
helium permeability performance
and temperature tolerance.
Moxtek, Inc.,

Orem, UT.

www.moxtek.com
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Handheld Raman analyzer
The NanoRam-1064 handheld
Raman analyzer from B&W Tek
is designed for nondestructive
identification of raw materials.
According to the company, the
analyzer is paired with 21 CFR
Part 11 compliant software, and
can identify samples as it mini-
mizes fluorescence, making it a
suitable tool for the analysis of
colored samples, natural products, and to differentiate between different
grades of cellulose, polysorbate, and Opadry.

B&W Tek, Newark, DE.

www.bwtek.com

Cuvette holder

The Square One cuvette holder
from Ocean Optics is designed for
accurate, repeatable absorbance
and fluorescence measurements.
According to the company,

the cuvette holder has three
collimating lenses with fiber optic
connectors, and an integrated
cover to reduce ambient light.
Ocean Optics,

Largo, FL.
www.oceanoptics.com/product/
square-one-cuvette-holder

Handheld Raman analyzer
Rigaku's ResQ CQL 1064-nm .
handheld Raman analyzer is designed A J
for chemical threat identification. ‘
According to the company, the unit's H
ergonomics, analytical performance,
and sample presentation enable
identification of suspicious powders,
liquids, gels, and mixtures.

Rigaku Corporation,

Austin, TX.

www.rigaku.com

Temperature-controlled spectroscopy
accessories

The temperature controller from
PIKE technologies is designed

to provide temperature control
and responsive ramping for the
company's heated and cooled
accessories. According to the
company, the controller is NRTL,
CE, and RoHS certified, and
features a small footprint and user-
settable ramp rate or PID control.
PIKE Technologies,

Madison, WI.

www.piketech.com



http://www.spectro.com
http://www.edinst.com
http://www.renishaw.com/raman
http://www.moxtek.com
http://www.bwtek.com
http://www.rigaku.com
http://www.piketech.com
http://www.spectroscopyonline.com
http://www.oceanoptics.com/product/square-one-cuvette-holder

54 Spectroscopy 34(4) April 2019

Sample imaging tool Raman spectrometer
ParticleScout from WiTec is . The Mira P Raman spectrom-

an imaging tool designed to eter from Metrohm is designed
identify, quantify, classify, and for material varication in

analyze particles in a sample. regulated industries. According
According to the company, the to the company, the spec-

tool enables measurements that trometer is barely larger than
move from an overview survey a smartphone, and provides
through targeted investigations results in seconds.

of particles grouped by attributes Metrohm USA,

to the precise chemical characterization of individual particles. Riverview, FL.

WITec GmbH, www.metrohmusa.com

Ulm, Germany.

www.witec.de

Certified reference material Portable Raman spectroscopy system
Certified reference material The portable StellarCASE-Raman

from Starna reportedly provides
qualification data, even below
200 nm. According the
company, its TS8 reference
material was developed with
suitable spectral characteristics
in the region of 190-230 nm,
and the TS8 solution and a

system from StellarNet is designed for
material identification and composition
analysis using Raman spectroscopy, and
. is suitable for applications in forensics,
anticounterfeiting,, and enhanced
Raman spectroscopy. According to
the company, the system uses free
SpectraWiz ID software to build and

ey e

solvent blank are supplied in an search a library for any application.
identically matched pair of 10 mm far UV quartz cells. StellarNet, Inc.,

Starna Cells, Inc., Tampa, FL.

Atascadero, CA. www.StellarNet.us
www.starnacells.com
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eBooks
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Expectations
surpassed.
Quality assured._

Unrivaled technology Milestone sets the standard for microwave
Safety by design digestion excellence.

You make important choices for your lab every day - decisions that can
impact the quality of your analyses, the efficiency of your processes and
Lower operating costs the reliability of your operation. With three decades of technology firsts,
including over thirty patents, Milestone instruments offer the most
innovative metals prep technology on the market today.

Maximum throughput

With a complete digestion product line that includes the revolutionary
UltraWAVE and powerful Ethos UP, Milestone is the first choice of laboratories
that rely on quality sample prep for superior ICP/ICP-MS analyses.

See what Milestone can do for your lab.

Learn more about Milestone digestion products at
www.milestonesci.com or call us at 866.995.5100.
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Microwave Digestion Mercury | Clean Chemistry | Ashing | Extraction | Synthesis milestonesci.com | 866.995.5100
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