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Mass spectrometry coupled to liquid chromatography (LC–MSand LC–MS/MS) is an analytical technique that has
rapidly grown in popularity in clinical practice. In contrast to traditional technology, mass spectrometry is supe-
rior inmany respects including resolution, specificity,multiplex capability and has the ability tomeasure analytes
in various matrices. Despite these advantages, LC–MS/MS remains high cost, labor intensive and has limited
throughput. This specialized technology requires highly trained personnel and therefore has largely been limited
to large institutions, academic organizations and reference laboratories. Advances in automation will be para-
mount to break through this bottleneck and increase its appeal for routine use. This article reviews these chal-
lenges, shares perspectives on essential features for LC–MS/MS total automation and proposes a step-wise and
incremental approach to achieve total automation through reducing human intervention, increasing throughput
and eventually integrating the LC–MS/MS system into the automated clinical laboratory operations.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Mass spectrometry (MS) has been proven to be a very powerful
analytical platform and has been applied in several clinical fields over

the last few decades. MS was first used in diagnosing inborn errors of
metabolism [1–3] and then became the technology of choice for forensic
and clinical toxicology [4,5]. The combination of liquid chromatography
and tandem mass spectrometry (LC–MS/MS) provided even faster
growth when soft ionization techniques became available [6]. LC–MS/MS
is now commonly used in many clinical specialties such as endocrinology
[7], immunosuppressant and therapeutic drugmonitoring [8], smallmole-
cule and peptide and protein marker analysis [9–12]. Recently, MS has
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shown great progress in microorganism identification [13], initiating the
exploration of a new clinical area.

The expansion of MS in clinical practice is mainly due to its several
advantages over traditional immunoassay, ultraviolet or florescence-
based technologies. MS itself is a high resolution technique with high
specificity that allows positive identification of compounds of interest
[14]. It is able to detect several or even hundreds of analytes simulta-
neously. MS is also compatible with samples in a variety of matrices in-
cluding serum, plasma, urine and saliva. In addition, most MS-based
assays do not rely on raising antibodies and therefore the method
development time has been greatly reduced.

While MS is making its way into many clinical laboratories, it is still
limited to specialty laboratories and many challenges that prevent it
from being implemented routinely. The overall workflow is labor inten-
sive and manual process-driven; it requires highly trained technical
staff to perform daily operations, regular troubleshooting and assay
development and validation [15–18]. Limited access to those expertise
and extensive technical training requirement has hindered the further
growth and implementation of this platform [19–21]. The throughput
is lower than other chemistry or immunoassay analyzers in clinical
laboratories, which provides less desirable productivity and turnaround
time for many clinical applications [21,22].

In the near term,MS will remain a specialty instrument. We believe,
however, that automation on many important external features will be
essential enabling this platform to be more applicable in the routine
clinical use. The ideal mass spectrometer will be accessible to those
who desire its use without the requirement of becoming an expert in
its technical aspects.

This article will explore the desirable automation features for MS.
Recent developments in these areas and the practical interim steps
that clinical laboratories can take to improve the efficiency and produc-
tivity of the platform to achieve the ultimate goal of developingMS into
a total automation, high throughput, continuous and random access
platform.

2. Current status of LC–MS/MS workflow

A typically LC–MS/MS workflow includes sample receiving/
acquisition, sample preparation, LC–MS/MS analysis, data review
and results reporting steps (Fig. 1). Though LC–MS/MS analysis itself

is fairly automated, the overall workflow requires manual processes
which are labor-intensive and time consuming.

The sample receiving and acquisition step includes retrieving or
obtaining samples from the central processing site or another part of
the core laboratory, sample identification against a working or sample
list, centrifugation if necessary, decapping, aliquoting and re-labeling
steps. Those steps are typically processed manually. Samples are
processed in batches to increase productivity. Processing samples for a
typical 96-well plate, the sample receiving step can take 10 to 30 min
depending on the specific processes involved.

Sample preparation involves a single ormultiple steps for samples to
be LC–MS/MS compatible. For instance, whole blood samples require
lysis of the cells to release the analyte before further clean up. Other
body fluid samples such as serum or plasma may be treated with pro-
tein precipitation to remove large molecules in the sample. Liquid–
liquid extraction or solid phase extraction (SPE) can be used alone or
combined with other methods such as protein precipitation to make
samples compatible with mass spectrometric analysis. Those steps can
be manual or semi-automated with liquid handlers or SPE handlers.
The time required for one batch (96 well plate) is at the scale of 10 to
30 min. Liquid handler can reduce human involvement, but cannot
significantly reduce the overall time requirement for this step.

Although being the essence of the platform, LC separation and MS
analysis is not the labor-intensive step or mostly the rate-limiting
step in the entire workflow. The LC separation takes a few minutes to
typically less than 10 min and the MS analysis is as fast as a fraction of
a second for most instruments and most applications. However, before
LC–MS/MS analysis, sample information typically needs to be manually
entered to the MS analytical software to create a work list.

After analysis, the results are reviewed by the staff for any adjust-
ments or reintegration of chromatograms or other data review required
before the results are transferred into the laboratory information sys-
tem and then reported to electronic health record. Data review and re-
sults reporting can take another 10–20 min for one batch of samples.

CurrentMS practice does not necessarily fit the overallworkflow in a
clinical laboratory. It is labor intensive, has limited throughput, suffers
from a lack of robustness, and has no random access. As a result, MS re-
quires a high level of human capital besides its high capital expenses
and is under pressure to becomemore automatedwith high throughput
to reduce overall cost [23].

3. Key features for future automated LC–MS/MS workflow

Higher level of automationwill reduce the barriers of entry, increase
scalability and enable the LC–MS/MS platform to be accessible and
implemented in routine clinical laboratories. Automated mass spec-
trometry platform can in the future either be a standalone floor model
(Fig. 2A) or integrated into the core laboratory function as one of the
automated platform along with chemistry analyzers, hematology
analyzers, coagulation analyzers and others (Fig. 2B). In either case,
key features include automated pre-analytical process, bar coding
system, a bi-directional interface, an automated sample preparation
system, and advanced software for data review process.

By being part of the core laboratory automation system, theMS plat-
form can take advantage of the existing pre-analytical module for sam-
ple login, de-capping, sample sorting, and aliquoting. Those aliquots are
then delivered (often through a conveyor belt) to the designated ana-
lyzer (Fig. 2B). A standalone MS platform must include the bar coding
system and interface to get access to patient information and tests
that are requested. A standalone MS platform may still need manually
aliquot as do most standalone chemistry analyzers.

MS samples will need to be preparedwith an automated liquid han-
dler or similar means with the designated sample preparation method.
The treated sampleswill then be subjected to the chromatographic sep-
aration and MS/MS analysis. Results will be processed by the software
and reported directly to the LIS. Any abnormal samples or results will

Fig. 1. Current LC–MS/MS platformworkflow and typical time requirement for each step.
Sample receiving includes sample identification, centrifugation, de-capping, aliquoting
and re-labeling steps. Time estimate is based on one batch sample for one 96 well plate.
Blank box: automated process; dotted line: semi-automated process; dots: manual
process.
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