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Introduction
A good plasma metabolomics sample preparation strategy is vital to generating 
high quality and reproducible results. The strategy must address quenching 
metabolism and effectively extracting metabolites for LC/MS analysis. 
Unfortunately, the preparative steps for biological samples including plasma have 
not been standardized, validated, nor automated. The preparation of large numbers 
of samples for basic and translational research studies can require impractical 
amounts of manual labor, and may suffer from processing inconsistencies. 
Additionally, metabolite concentrations in plasma are inherently the product of 
both metabolic and catabolic processes, which are catalyzed by cell- and blood-
based enzymes. The accurate measurement of relative metabolite concentrations 
fundamentally requires that the residual activity of any such enzyme be minimized 
or eliminated upon sample collection1. Collectively, these hurdles can limit the 
fidelity of downstream quantitative analyses, and preclude day-to-day and lab-to-lab 
comparisons.

In an effort to address these hurdles, we have developed an automated 
sample preparation protocol to analyze metabolites from plasma on the Bravo 
Metabolomics Sample Prep Platform (Bravo). This method precipitates plasma 
proteins to quench enzymatic activity, depletes lipids, and extracts metabolites 
ahead of the LC/MS analysis. Protein precipitation is accomplished by modifying the 
sample solution to impede noncovalent intramolecular bonds required to maintain 
hierarchical protein ultrastructure. Adding organic solvents or other reagents 
that disrupt intramolecular electrostatic interactions are two common protein 
precipitation strategies. With respect to catabolic and metabolic processes that 
may persist and alter metabolite concentrations after sample collection, protein 
ultrastructure must be disrupted so that precipitation is accompanied by enzymatic 
inhibition. Finally, for the purposes of metabolite analyses, the protein precipitation 
strategy must also maintain metabolite solubility, and be compatible with metabolite 
extraction workflows.

Automated Metabolite Extraction 
for Plasma using the Agilent Bravo 
Platform
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We tested two classic protein 
precipitation strategies for their ability 
to yield consistent quantitation of a 
broad array of plasma metabolites 
under conditions simulating basic 
or translational research settings 
in which the metabolite extraction 
step may be delayed. This Technical 
Overview provides results for both 
trichloroacetic acid (TCA)-based 
and methanol:ethanol-based (M:E) 
precipitation strategies, and their ability 
to withstand delays in subsequent 
extraction steps2. We developed 
our automation protocol using the 
Agilent Bravo for metabolite extraction 
from plasma to:

• Improve longitudinal reproducibility

• Simplify training, and

• Decrease variability between 
operators

Finally, we evaluated this workflow with 
LC/MS by assessing its reproducibility 
within and between days using a 
pooled human plasma standard. The 
LC/MS work was performed using the 
Agilent MRM-based LC/MS/MS platform 
for central carbon metabolites.

Solution overview
The automated solution described in this 
protocol is designed to accommodate 
samples that can immediately be 
processed, and those that need to be 
transferred to the analytical lab prior to 
processing.

Based on the results of our 
investigations, the final plasma 
preparation method involves a M:E 
based precipitation step followed by 
protein removal and lipid depletion using 
the Agilent Captiva EMR—Lipid plate. 
The eluate is dried, and metabolites are 
resuspended ahead of LC/MS analysis. 
All steps that do not involve sample 
dry-down can be automated using the 
Bravo.

Bravo instruments and accessories
• Agilent Bravo Metabolomics Sample 

Prep Platform (p/n G5589AA)

• Agilent Captiva EMR—Lipid plates 
(p/n 5190-1001)

• Agilent 250 µL disposable tips 
(p/n 19477-002)

• Agilent DuoSeal 96, 96-well plate 
seals (p/n A8961008)

• Agilent Captiva collection plate 
(p/n A69600100)

• Agilent Seahorse Storage Plate, 2 mL 
square pyramid (p/n 201240-100)

• Agilent PP, 1 mL round bottom plate 
(p/n 203426-100)

• Thermo Scientific Matrix 1.0 mL 
screw top tubes and rack, 2D 
V-bottom (Thermo Scientific 
p/n 3741)

LC/MS System
An Agilent 6470 LC/TQ system was 
configured for targeted metabolomics 
analysis using the Agilent Metabolomics 
Dynamic MRM Database and Method 
(Agilent Publication 5991-6467EN).
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Methodology
There are divergent circumstances for 
obtaining plasma samples. When plasma 
samples are obtained in controlled 
conditions in reasonable proximity 
to the Bravo, the protein precipitation 
step can be performed on-site as part 
of an automated workflow. However, 
the collaborative nature of basic and 
translational research often dictates that 
plasma samples are obtained by a third 
party at a separate location with some 
delay before reaching the analytical lab. 
Under this circumstance, the quenching 
step should be performed manually 
off-site to minimize the influence of 
residual enzyme-mediated metabolite 
changes that may occur in plasma post 
sampling.

The analysis of metabolites from plasma 
samples is composed of three steps: 

1. Precipitation of plasma proteins 
(sample quenching)

2. Metabolite extraction with protein 
and lipid depletion

3. LC/MS analysis

We have developed a semi-automated 
workflow using the Bravo and the 
Agilent Captiva EMR—Lipid plates, which 
are designed to accommodate both 
on-site and off-site sample collection 
(Figure 1). 

After collection, the fresh whole blood 
should be centrifuged as soon as, and 
as consistently as possible. For on-site 
sampling, at least 120 µL of plasma is 
transferred to a Thermo Scientific Matrix 
1.0 mL screw top tube and placed in 
a Thermo Scientific matrix tube rack, 
which is then loaded on the Bravo deck. 
For off-site sampling, 100 µL of plasma 
is transferred to a Thermo Scientific 
matrix 1.0 mL screw top tube containing 
450 µL of M:E (1:1) as soon as possible. 
If processing is expected to be delayed in 
excess of six hours, these tubes should 
be frozen at –80 °C. 

Figure 1. Workflows for automated metabolite extraction from plasma. 
Green steps performed with the Agilent Bravo platform.

On-site

Collect and centrifuge blood.

Transfer plasma to plate.

Transfer plasma and quench.

Captiva EMR—Lipid plate.
Transfer plasma sample to 

Remove proteins and lipids.  
Collect metabolites in filtrate. 

Transfer metabolite fraction 
to final plate.

Reconstitute sample.

LC/MS Analysis

Off-site

Collect and centrifuge blood.

Transfer plasma to tubes 
and quench.

Freeze samples for 
transport.

Place sample tube in plate.

Transfer plasma sample to 
Captiva EMR—Lipid plate.

Remove proteins and lipids.  
Collect metabolites in filtrate. 

Transfer metabolite fraction 
to final plate.

Dry sample (optionally store).Dry sample (optionally store).

Reconstitute sample.

LC/MS Analysis
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The Captiva EMR—Lipid removal system 
was selected to provide highly selective 
and efficient lipid depletion, and to filter 
precipitated proteins from plasma. The 
novel EMR—Lipid technology removes 
lipids based on a combination of size 
exclusion and hydrophobic interaction. 
Effective lipid depletion minimizes 
ion suppression of target metabolites 
and improves method reliability and 
ruggedness. The workflow delivers a 
plate with metabolite extracts ready to 
be dried and reconstituted for LC/MS 
analysis. A 6470 LC/TQ platform using 
the Metabolomics Dynamic MRM 
Database and Method was used to 
analyze the samples. Full details on the 
Metabolomics dMRM Database and 
Method have been described previously3.

Results and discussion

Protein precipitation can efficiently be 
accomplished with M:E
We identified protein precipitation as 
a key component of suppressing the 
activity of enzymes that may alter 
relative metabolite concentrations in 
plasma after sampling. We sought 
to develop a protein precipitation 
(enzymatic quenching) strategy 
that would prove compatible with 
downstream metabolite extraction steps 
while also overcoming the practical 
constraints imparted by possible 
delays between plasma sampling and 
downstream metabolite extraction steps. 
We identified and pursued two potential 
strategies: TCA-based and M:E-based 
precipitation. 

Our initial screen sought to determine 
the extent to which these strategies 
in isolation could precipitate plasma 
proteins. We addressed this initial 
question by subjecting 100 µL aliquots 
of standard pooled-plasma to 450 µL 
of M:E (1:1) or to increasing amounts 
of TCA (0.5, 1, 2, 4, and 6 % w/v) to 

induce precipitation. Samples were then 
vortexed and centrifuged, and the protein 
content that remained in suspension was 
determined using a BCA assay on the 
supernatant (Figure 2A). The experiment 
indicated that M:E or TCA levels between 
2 % and 4 % (w/v) were sufficient to 
induce plasma protein precipitation. 
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Figure 2A. Effective protein precipitation can be accomplished with methanol/ethanol 
or more than 2 % TCA (w/v). The dotted line represents no protein detected.
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The metabolite extraction steps ahead 
of the LC/MS analysis required the 
addition of miscible organic solvents, 
such as M:E. Furthermore, to build a 
workflow that would be compatible with 
automation, we wanted to eliminate 
the need for a centrifugation step by 
relying on the Captiva EMR—Lipid plates 
to sieve out precipitated proteins and 
remove lipids. These plates require a 
minimum of 50 % organic content for 
optimal performance. We assessed the 
ability of the Captiva EMR—Lipid plates 
to sieve out proteins by first precipitating 
plasma proteins with M:E, 2 % TCA, or 
4 % TCA (w:v). TCA-precipitated samples 
supplemented with 40, 60, or 80 % 
M:E (v:v) and, using vacuum filtration, 
were subsequently passed through 
the Captiva EMR—Lipid depletion plate 
alongside M:E-precipitated samples. 
The protein content in the eluate 
(Figure 2B) indicated that Captiva 
EMR—Lipid plate-based sieving in the 
absence of centrifugation was most 
effective at low TCA levels or without 
TCA. Additionally, the rate and ease with 
which TCA-precipitated plasma samples 
flowed through the Captiva EMR—Lipid 
plate was less consistent than the 
M:E-precipitated counterparts. We 
speculate that the improved consistency 
of M:E may contribute to the improved 
variance in BCA results compared to the 
TCA-precipitated samples.

Finally, we repeated our assessment 
of the Captiva EMR—Lipid plate-based 
sieving experiment with the incorporation 
of a centrifugation step and only 
loading the supernatant (Figure 2C). 
The inclusion of a centrifugation step 
ahead of sample loading was necessary 
for the EMR—Lipid plate based-protein 
removal and performance among 
TCA-precipitated samples, but this 
additional step decreased throughput 
and compatibility with automation. In 
contrast, M:E-based plasma protein 
precipitation was both compatible and 
effective with Captiva EMR—Lipid plate-
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Figure 2B. Captiva EMR plate-based sieving of precipitated proteins is effective with lower TCA levels or 
without TCA. The dotted line represents no protein detected.
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FIgure 2C. TCA-mediated plasma protein precipitation requires centrifugation for optimal Captiva EMR 
plate-based sieving of precipitated proteins. The dotted line represents no protein detected.
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based protein removal, and importantly 
eliminated the need for a centrifugation 
step. By extension, the M:E approach 
enabled streamlining and automation 
of the workflow. Our results indicated 
that a M:E-based protein precipitation 
procedure was more practical, more 
compatible with automation, and yielded 
improved results relative to TCA-based 
precipitation.

Lipid analysis demonstrated efficient 
lipid depletion with the Captiva plates
Lipids can pose significant challenges 
to the accurate and reproducible 
analysis of metabolites. Aside from 
their tendency to coat stationary 
phases and decrease column life, 
lipids can be a significant source of ion 
suppression, reducing sensitivity. Lipids 
are an abundant, diverse, and highly 
variable component of plasma. Their 
concentrations differ not only between 
subjects, but within subjects depending 
on diet and caloric intake. Because 
lipid levels vary between subject, ion 
suppression will also vary, impacting the 
accuracy of the LC/MS measurement, 
and increasing experimental variation. 
For these reasons, we sought to 
incorporate lipid depletion as part of 
this workflow. Beyond their ability to 
sieve precipitated proteins, Captiva 
EMR—Lipid plates provide a lipid 
depletion step ahead of LC/MS-based 
metabolite analysis. We sought to 
determine the relative contribution 
of the Captiva EMR—Lipid plates to 
lipid depletion by analyzing 12 lipid 
classes by MS/MS in pooled-plasma, 
after protein precipitation by either 
M:E or 2 % TCA and centrifugation, 
and subsequent to Captiva EMR—Lipid 
plate-based lipid depletion without prior 
centrifugation (Figure 3). As described in 
Figure 2B, TCA concentrations beyond 
2 % in the absence of centrifugation 
lacked consistency when applied to 
Captiva EMR—Lipid plates, which was 
why 2 % TCA was used alongside 

M:E-precipitation to assess the efficiency 
of plasma lipid depletion with the Captiva 
plate.

We calculated the relative depletion 
of each of the 12 lipid classes as 
the percentage depleted from its 
concentration measured in neat plasma. 
Our results indicated that Captiva 

EMR—Lipid plates depleted all but two 
of the 12 measured lipid classes to near 
completion. The remaining two classes, 
diacylceramides and free fatty acids, 
were depleted by more than 75 %. While 
free fatty acids are relatively abundant in 
plasma, they are unlikely candidates for 
ion suppression in LC/MS analysis. 
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Figure 3. MS/MS results for M:E-based (A) and TCA-based (B) precipitation indicate that Captiva 
EMR—Lipid depletion plates efficiently remove lipids.
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Importantly, phospholipids are strong ion 
suppressors, and our results indicated 
that they were effectively depleted from 
plasma samples. 

When applied upstream of the 
quantitative analysis of metabolites from 
pooled-plasma samples by dMRM, we 
found that this overall workflow yielded 
reproducible and sensitive metabolite 
analysis. Our results indicated that 
while the analysis of the majority of 
metabolites were unaffected by the 
inclusion of the Captiva EMR—Lipid plate 
in the preparative workflow, in aggregate, 
those metabolites whose analysis was 
significantly affected by lipid depletion 
showed an increase in signal intensity 
(Figure 4). 

Figure 4. As shown in A, most metabolites are not impacted by lipid removal. However, for some 
metabolites lipid removal improves the signal significantly as shown for 2,3-dihydroxyisovalerate (B and C).
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M:E-based plasma protein 
precipitation can stabilize metabolite 
concentrations in plasma after 
sampling
We sought to determine the extent to 
which M:E-mediated protein precipitation 
could stabilize plasma metabolite 
concentrations. To do so, we obtained 
fresh plasma from four volunteers. In the 
first set of experiments (Set 1), plasma 
aliquots were subject to successive 
M:E protein precipitation and sample 
processing immediately or with a 2, 
4, 6, and 24-hour delay on ice, as well 
as 24 hours at room temperature. In 
a second parallel set of experiments 
(Set 2), aliquots were subject to 
immediate M:E protein precipitation 
followed by a delay in processing for 2, 
4, 6, and 24 hours on ice, as well as 24 
hours at room temperature (Figure 5). 
Set 1 was designed to determine the 
extent to which the plasma metabolome 
may change if protein precipitation 
and sample processing were delayed, 
while Set 2 would determine whether 

Set 1

Set 2

t0 t2h t4h t6h t24h + t24h, RT

Figure 5. Experimental design for determining metabolite stability with either quenched and delayed 
processing or delayed quenching followed by processing.
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(13.72 %)

Z-axis: Component 3 
(7.95 %)

Set 1 PCA

X-axis: Component 1 
(15.93 %)

Y-axis: Component 2 
(13.12 %)

Z-axis: Component 3 
(8.14 %)

Set 2 PCA
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Figure 6. Delayed processing has minimal effect on metabolite levels when plasma is quenched immediately (Set 2), but shows a deleterious effect if quenching is 
also delayed (Set 1), as shown in PCA by the clustering of the time-points for each individual. Metabolite profiles do vary by individual. 

immediate M:E protein precipitation 
followed by delayed sample processing 
could avert such changes.

An unsupervised principle component 
analysis performed on these 
experimental sets showed that data 
segregates according to individual 

donors. This provided us with a strong 
indication that where metabolite 
analysis is concerned, variation between 
individuals likely exceeded variation 
occurring due to delays in processing or 
protein precipitation (Figure 6).
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However, it is the biological variation 
between samples that must be preserved 
for successful analysis of metabolite 
abundances within individuals. We 
further interrogated our data using 
a 2-way ANOVA for plasma source 
(donor) and for time (delayed protein 
precipitation plus processing or delayed 
protein precipitation). This analysis 
revealed a total of 26 metabolites from 
Set 1 whose quantitative values differed 
significantly, based on time of delay 
when protein precipitation and sample 
processing were uncoupled. Conversely, 
immediate M:E protein precipitation 
(Set 2) yielded eight fewer such 
metabolites (Figure 7). 

These data indicated that the 
concentrations of metabolites in 
plasma in which proteins had been 
precipitated were more stable over a 
24-hour time frame than if the plasma 
proteins had not been precipitated. As 
with any bioanalytical workflow, plasma 
metabolite analyses most accurately 
reflect biology when sample processing 
and analysis are near-immediate. 
The on-site workflow on the Bravo is 
designed to accommodate this ideal 
scenario. In the real world, where 
immediate sample processing and 
analysis is unattainable, off-site M:E 
plasma protein precipitation provides 
investigators with a practical avenue 
to minimize perturbations in plasma 
metabolite levels after sampling. In 
this scenario, 100 µL of plasma can be 
aliquoted into 450 µL of M:E, and stored 
cold (or frozen) ahead of metabolite 
extraction and analysis, and the off-site 
workflow on the Bravo is designed to 
process such samples.

Set 1

2-3-Pyridinedicarboxylic acid
2-Isopropylmalic acid
2-Methyl-1-butanol
4-Hydroxyphenyl-pyruvic acid
Adenosine
Adipic acid
D-Pantothenic acid
L-Glutamic acid
N-Carbamoyl-DL-aspartic acid
Xanthine
Xanthosine
11

4-Aminobenzoic acid
2-3-Dihydroxyisovalerate
6-Hydroxynicotinic acid
alpha-Ketoglutaric acid
Glyceric acid
Maleic acid
Malonic acid
m-Hydroxybonzoic acid
Nicotinic acid
Oxamic acid
Phenylpyruvic acid
Phosphoenolpyruvic acid
Pyruvic acid
Salicylic acid
Succinic acid

15

Set 2

3

L-Histidine
L-Malic acid
Taurine

Figure 7. Immediate M:E precipitation (Set 2) results in fewer metabolites that significantly differ in time 
relative to delayed quenching of plasma (Set 1).
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The automated workflow yields 
improvements in reproducibility
We developed a reproducible workflow 
for plasma metabolites that stabilizes 
metabolite concentrations by effectively 
quenching enzyme activity, and is 
compatible with automation. Beyond 
the apparent advantages of increased 
throughput, automation can improve 
reproducibility between labs, projects, 
staff, and over time. We also sought to 
preliminarily assess the extent of this 
reproducibility by performing the protocol 
on the Bravo between successive 
runs and across two days, comparing 
these results to a manual preparation 
performed by our most skilled scientist. 

Table 1. Metabolites were extracted from pooled human plasma using either the automated workflow, or extracted manually (continued next page). 

Figure 8. The automated workflow yields improvements in reproducibility.
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Day 1 (Peak Area) Day 2 (Peak Area)

Interday 
%CVMean

Standard 
Deviation %CV Mean

Standard 
Deviation  %CV Mean

Standard 
Deviation %CV Mean

Standard 
Deviation  %CV

Lactic acid 538564 56314 10.46 533911 11689 2.19 6.32 564447 28684 5.08 560027 22601 4.04 4.56

3-Indoleacetic acid 11785 1324 11.24 10706 1103 10.31 10.77 11523 776 6.73 13368 900 6.73 6.73

myo-Inositol 2344610 159752 6.81 2991103 175289 5.86 6.34 2735068 219292 8.02 2936028 199752 6.80 7.41

Taurocholic acid 1115 51 4.61 1079 96 8.92 6.77 1144 79 6.87 1369 113 8.26 7.56

4-Pyridoxic acid 9444 1417 15.00 10320 822 7.96 11.48 11189 958 8.56 12121 945 7.79 8.18

D-Mannose 252158 21894 8.68 275690 25477 9.24 8.96 287252 25463 8.86 316711 24325 7.68 8.27

m-Hydroxybenzoic acid/
Salicylic acid

149553 7050 4.71 153578 8532 5.56 5.13 130351 9432 7.24 186727 18494 9.90 8.57

L-Sorbose 278839 35112 12.59 354144 27556 7.78 10.19 336469 38195 11.35 370177 21507 5.81 8.58

D-pantothenic acid 4083 1136 27.83 3886 400 10.29 19.06 4069 332 8.15 4881 445 9.12 8.64

L-Phenylalanine 283128 77958 27.53 325659 32187 9.88 18.71 345905 36227 10.47 374417 27184 7.26 8.87

L-Leucine/ 
L-Isoleucine

3298 551 16.72 3396 320 9.43 13.08 3737 388 10.38 3449 256 7.43 8.90

Maleic acid 36110 9200 25.48 28250 1305 4.62 15.05 22717 2630 11.58 34292 2169 6.32 8.95

L-Threonine 7334 910 12.41 5119 683 13.35 12.88 6446 696 10.80 5816 416 7.15 8.97

2-3-Dihydroxyisovalerate 1598 414 25.93 2043 182 8.92 17.42 2454 178 7.26 2722 331 12.15 9.70

L-Tryptophan 78158 20582 26.33 48076 6398 13.31 19.82 73580 6687 9.09 64435 6718 10.43 9.76

N-Acetyl-D-glucosamine 
6-phosphate

7286 2350 32.26 10190 891 8.74 20.50 9016 1081 11.99 10428 878 8.42 10.21

Taurine 10253 1227 11.97 7468 846 11.33 11.65 10069 1024 10.17 8506 898 10.56 10.37

Glyceric acid 15329 4373 28.53 13975 1814 12.98 20.75 15089 2027 13.43 16926 1514 8.95 11.19

The histogram in Figure 8 depicts the 
50 most reproducible metabolites that 
are common between the automated 
and manual preparation between two 
days. The Bravo workflow yielded 

all 50 metabolites below 20 %CV, 
while manual preparation resulted in 
37 metabolites with variations below the 
20 %CV cutoff.
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Metabolite

Manual Sample Preparation Automated Workflow Sample Preparation

Day 1 (Peak Area) Day 2 (Peak Area)

Interday 
%CV

Day 1 (Peak Area) Day 2 (Peak Area)

Interday 
%CVMean

Standard 
Deviation %CV Mean

Standard 
Deviation  %CV Mean

Standard 
Deviation %CV Mean

Standard 
Deviation  %CV

Creatinine 9498 1832 19.29 9553 899 9.41 14.35 10038 1014 10.10 11055 1405 12.71 11.40

2-3-Pyridinedicarboxylic acid 14843 954 6.43 10869 1873 17.23 11.83 11972 1370 11.45 16479 1903 11.55 11.50

Xanthosine 1478 446 30.16 1058 214 20.22 25.19 1185 149 12.59 1508 158 10.47 11.53

L-Methionine 15409 1228 7.97 15583 2112 13.56 10.76 17351 2277 13.13 15068 1552 10.30 11.71

o-Hydroxy hippuric acid 6760 717 10.61 5168 537 10.40 10.51 6043 729 12.06 6842 812 11.87 11.97

L-Arabinose 6209 784 12.62 7428 733 9.87 11.25 6481 799 12.33 7885 919 11.66 11.99

N-Acetylneuraminic acid 3514 853 24.28 3967 632 15.93 20.11 4149 507 12.23 5166 612 11.85 12.04

D-Xylose 4969 450 9.05 5154 734 14.25 11.65 5352 747 13.95 5513 614 11.13 12.54

Phenylpyruvic acid 3544 298 8.39 5352 524 9.80 9.10 3508 473 13.49 6752 833 12.34 12.91

Uridine 45844 5392 11.76 40848 4211 10.31 11.03 47620 9537 20.03 45493 2866 6.30 13.16

L-Citrulline 2477 352 14.22 2159 335 15.50 14.86 2285 332 14.51 2383 306 12.85 13.68

Quinic acid 4925 2567 52.12 4480 799 17.84 34.98 4559 670 14.69 5374 701 13.05 13.87

L-Tyrosine 33702 4266 12.66 28831 4269 14.81 13.73 30842 6468 20.97 30901 2235 7.23 14.10

L-Homoserine 2381 411 17.28 1838 289 15.71 16.49 2189 295 13.48 1750 263 15.04 14.26

Creatine 1997 226 11.31 1711 270 15.78 13.55 1931 326 16.89 2008 243 12.13 14.51

Melibiose 1146 200 17.47 1032 166 16.09 16.78 1399 175 12.53 1172 194 16.58 14.55

L-Histidine 1374 308 22.41 1401 336 24.00 23.20 1298 205 15.76 1355 190 13.99 14.87

Homocitrate 3600 343 9.51 3021 398 13.17 11.34 3220 498 15.47 3642 556 15.26 15.36

D-Maltose 1989 326 16.41 1334 190 14.25 15.33 2137 392 18.34 1610 202 12.55 15.45

L-Serine 1401 202 14.43 1006 291 28.96 21.70 1249 241 19.28 1229 147 11.99 15.64

Pyruvic acid 4063 942 23.19 5897 670 11.35 17.27 5172 770 14.89 7716 1464 18.98 16.94

L-Kynurenine 11609 3218 27.72 10583 1532 14.47 21.10 10858 1886 17.37 12949 2192 16.93 17.15

Uridine 5-diphosphoglucose 1603 91 5.65 1270 527 41.49 23.57 1469 281 19.14 1527 234 15.35 17.24

2-Deoxy-D-glucose 6-phosphate 285 195 68.33 430 74 17.29 42.81 577 91 15.83 601 116 19.26 17.55

Hypoxanthine 7204 898 12.47 6602 885 13.40 12.94 8481 2208 26.04 7072 708 10.01 18.02

DL-Glyceraldehyde 3-phosphate 1234 791 64.11 1326 162 12.23 38.17 1223 281 22.95 1284 168 13.12 18.04

2-Methyl-1-butanol 3509 767 21.86 5048 610 12.08 16.97 4389 695 15.84 6756 1521 22.51 19.17

D-Glucose 6-phosphate 1429 1059 74.08 1502 263 17.50 45.79 1551 343 22.09 1545 254 16.41 19.25

D-Fructose 6-phosphate 1429 1059 74.08 1390 506 36.42 55.25 1551 343 22.09 1538 254 16.53 19.31

L-Malic acid 241628 75100 31.08 47815 5129 10.73 20.90 67521 13788 20.42 75067 13683 18.23 19.32

Nicotinic acid 568 189 33.20 461 325 70.46 51.83 772 148 19.22 941 183 19.45 19.34
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Conclusion
Our results indicated that M:E-based 
protein precipitation is amenable 
to Captiva EMR—Lipid plate-based 
depletion, and effective at quenching 
in plasma. While TCA was effective 
at precipitating proteins, it negatively 
impacted variance throughout the 
experimental time course, possibly due 
to its effect on ionization or chemical 
alteration of some metabolite species 
(data not shown). Furthermore, 
TCA-mediated protein precipitation 
required an additional centrifugation step 
ahead of Captiva EMR—Lipid plate lipid 
depletion for consistent flow-through.

M:E based protein precipitation can 
minimize changes in metabolite 
concentrations after sampling. When 
combined with Captiva EMR—Lipid 
plates, this strategy provided an effective 
workflow for protein removal, lipid 
depletion, and metabolite extraction 
ahead of LC/MS analysis. Finally, the 
Bravo can perform the automated 
sample processing workflow from fresh 
plasma samples (on-site workflow) or 
from M:E-precipitated plasma samples 
(off-site workflow). Automation using 
the Bravo provided a standardized 
protocol that had clear advantages for 
reproducibility between labs, projects, 
staff, and over time. The increased 
throughput afforded by the automated 
workflow is a clear advantage to 
large-scale translational and longitudinal 
studies.
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