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Introduction 
The screening for elevated levels of methylmalonic acid (MMA) in 
serum is commonly used as a clinical diagnostic indicator of 
Cobalamin (Vitamin B12) deficiency in humans. MMA is commonly 
analyzed using LC-MS/MS with or without prior derivatization. This 
poster summarizes various sample preparation strategies for the 
extraction of MMA from serum without the necessity for 
derivatization, prior to LC-MS/MS analysis. A range of techniques of 
varying complexity were evaluated:  protein precipitation, 
phospholipid depletion, supported liquid extraction and solid phase 
extraction using both silica and polymer-based mixed-mode anion 
exchange chemistries. Method performance was evaluated for 
evaporative effects, assay recovery, ion suppression and 
phospholipid removal. 
 

Figure 1. Structures of 
MMA (left) and SA (right) 
 

 
 

Experimental 
Reagents 
Standards and MMA radiolabeled ISTD, formic acid, ammonium 
hydroxide, ammonium acetate, ethylene glycol and LC/MS grade 
solvents were obtained from Sigma-Aldrich Chemical Co. (Poole, 
UK). Water (18.2 MΩ.cm) was drawn fresh daily from a Direct-Q 5 
water purifier (Merck Millipore, Watford, UK). Human serum and 
stripped serum was kindly donated by Golden West Biologicals Inc. 
(Ca, USA.) and serum calibrators purchased from Chromsystems 
(Munich, Germany). 

Sample Preparation 
All extractions were performed using the 96-well plate format. Table 
1. demonstrates the required processing steps for each technique. 

MMA-13C4 ISTD: 100 μL of serum spiked with ISTD at 100 ng/mL. 

Table 1. Summary of sample processing steps. 

Step PPT+ PLD+ SLE+ Standard Processing: 
SAX, WAX and AX 

Load-Wash-Elute 
EXPRESS AX 

Condition - - -  - 
Equilibration - - -  - 
Pre-treatment      
Sample load      
Mixing 1 to 8 ratio - - - 
Wash 1 - - -   
Wash 2 - - -   
Elution      

 
Extraction Optimization: Various extraction strategies were 
evaluated, investigating effect of pH control, wash solvent and 
elution solvent optimization. The final and streamlined SPE 
protocols are detailed in Table 2.  
 
 

Post extraction: All extracts were evaporated to dryness using a SPE 
Dry unit at 40 °C and reconstituted in 100 μL 0.4% formic acid (aq). 

Table 2. Optimized SPE procedures. 
Step ISOLUTE® 

SAX 
EVOLUTE® 

EXPRESS WAX 
EVOLUTE® 

EXPRESS AX 
EVOLUTE® 
EXPRESS  
AX  L-W-E  

Condition MeOH MeOH MeOH - 
Equilibration H2O NH4OAc H2O - 

Pre-treatment 1:2 H2O 1:5 NH4OAc 1:3 H2O 1:3 H2O 
Sample load 300 μL 600 μL 400 μL 400 μL 

Wash 1 H2O NH4OAc H2O H2O 
Wash 2 MeOH MeOH MeOH MeOH 
Elution 2% Formic 

ACN 
2% NH4OH 

MeOH 
2% Formic 

ACN 
2% Formic 

ACN 
 

UPLC Conditons 
Instrument: Waters Acquity IClass UPLC equipped with a 15 μL flow 
through needle (Waters Assoc., Milford, MA, USA) 
Column: Gemini C18: 100 mm x 3.0 mm id, 3 μm, (Phenomenex UK.) 
Mobile Phase: A: 0.4% formic acid (aq) 
Mobile Phase B: 0.4% formic acid in MeOH 
Flow Rate: 0.6 mL/min 
Gradient: 100% A for 1 min; linear ramp to 2% B at 2.5 min; hold 0.5 
min; resume initial starting conditions 
Column Temperature: 50 ˚C 
Injection Volume: 10 μL 

Mass Spectrometry 
Instrument: Xevo TQS triple quadrupole mass spectrometer (Waters 
Assoc., Manchester, UK) equipped with an electrospray interface. 
Negative ions were acquired in the multiple reaction monitoring 
(MRM) mode using the deprotonated precursor ion for each analyte, 
shown in Table 3. 
Desolvation Temperature: 500 °C  
Ion Source Temperature: 150 °C 
Collision Gas Pressure: 3.6 x 10-3 mbar 
 
Table 3. MRM parameters. 

 

Results 
Chromatographic Optimization  

MMA has an isobaric species in the form of Succinic acid (SA) with 
the mass spectrometer unable to discriminate (see Figure 1.). 
Therefore a chromatographic separation was achieved to ensure no 
interference from SA when quantifying MMA as demonstrated in 
Figure 2. 

 
 
 
 
 
Figure 2. Extraction of serum spiked with 
MMA (1000 ng/mL) +  13C4 MMA (100 
ng/mL) from EVOLUTE® EXPRESS AX. 
 
 
 
 

Extraction Optimization 
Due to the small polar nature of the analyte volatility during 
evaporation was an issue. Acidification or the addition of ethylene 
glycol helped towards eliminating evaporative losses as 
demonstrated in Figure 3. During SLE+ extraction, however, there is 
no need for glycol, due to the particularly high concentration of acid 
in the aqueous pre-treatment step which pH controls the MTBE.  

 

Figure 3. Evaporative 
losses of MMA with 
varying solvents. 
Solvents either had no 
modifier, formic acid, 
ethylene glycol (10 μL) 
or a combination. 

 

MMA recovery was evaluate with phospholipid depletion (PLD+), 
protein precipitation (PPT+), supported liquid extraction (SLE+), and 
ion exchange solid phase extraction plates. Figure 4. demonstrates 
the recovery profile for the optimized protocols extracting serum at 
100 ng/mL.  

 

Figure 4. 
Extraction 
recovery profile 
of MMA from 
serum using the 
various 
extraction 
techniques. 

 
 

Calibration curves were constructed using MMA free serum, from  
10-2000 ng/mL. A typical calibration line is demonstrated in Figure 
5.; with all method coefficient of determination (r2) values 
summarized in Table 4.  
 
 

 

Figure 5. Calibration line 
for MMA at 10-2000 ng/mL 
from serum using ISOLUTE® 
SAX. 

 

 

 

Table 4. Summarized r2 values 

 

Alongside these calibration lines, commercially available MMA 
calibrators with known concentrations were extracted with results 
summarized in Table 5. 
 

Table 5. Summarized Chromsystems data. 

 
For each approach, an extracted sample at 10 ng/mL gave signal to 
noise ratios of at least 10:1. Figure 6. demonstrates a typical 
baseline using EVOLUTE® EXPRESS AX. 

 

 

Figure 6. Baseline noise elevated to 
demonstrate 10:1 signal:noise ratio in serum 
at 10 ng/mL following extraction by 
EVOLUTE AX Express. 

 

 

 

Extract cleanliness was investigated using post-column infusion 
(PCI) experiments. Blank extracts injected into MMA infused mobile 
phase was used to determine regions of suppression as 
demonstrated in Figure 7.  

 

Figure 7. Collated 
baselines of the 
various optimized 
extraction protocols, 
indicating 
suppression with 
negative intensity. 

 
Final extracts were also investigated for phospholipid content. 
Figure 8. demonstrates the total ion chromatograms (TICs) of typical 
phospholipid MRMs. 

 
 

Figure 8. Phospholipid MRM TICs for final serum extracts from each method 

Conclusion 
» We demonstrate MMA extraction from serum using a variety of 

sample preparation approaches, with no succinic acid 
contribution. 

» Good recoveries and excellent precision are demonstrated with r2 
values ≥ 0.999. 

» All methods provided acceptable correlation to commercially 
available MMA calibrators. 

» Extract cleanliness demonstrated good removal of endogenous 
matrix components leading to more reliable quantitation 

Analyte Transition Cone Voltage V Collision Energy eV 
MMA 116.9 > 72.9 30 9 

MMA 13C4 121.0 > 76.0 30 9 

 PPT+ PLD+ SLE+ WAX AX SAX  
r2  0.9992 0.9990 0.9996 0.9993 0.9998 0.9999 

 Expected PLD+ SLE+ WAX AX SAX  
Level 1 13.7 11.8 10.0 9.8 10.4 12.4 
Level 2 28.4 28.2 27.8 31.2 27.3 27.0 
Level 3 51.3 51.5 56.5 55.4 53.3 52.8 

Compound name: MMA
Correlation coefficient: r = 0.999977, r^2 = 0.999953
Calibration curve: 0.597487 * x + 4.97752
Response type: Internal Std ( Ref 2 ), Area * ( IS Conc. / IS Area )
Curve type: Linear, Origin: Include, Weighting: Null, Axis trans: None

ng/mL
-0 200 400 600 800 1000 1200 1400 1600 1800 2000

R
es

po
ns

e

-0

200

400

600

800

1000

1200

ng/mL

R
es

id
ua

l

-0.0

5.0

10.0

15.0

20.0

Time
0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80

%

0

100

0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80

%

0

100
1: MRM of 2 Channels ES- 

121 > 76 (MMA-13C4)
1.96e5

2.42

1: MRM of 2 Channels ES- 
116.9 > 72.9 (MMA)

1.37e6
1.70

2.42

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

110.0

ACN ACN 1% FA MTBE MTBE 1% FA MTBE 1% FA Glycol

%
 A

na
ly

te
 R

ec
ov

er
ed

MMA Fortified Before Evaporation MMA Fortified After Evaporation

SAX

AX

WAX

SLE+

PLD+

PPT+

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0 110.0
% MMA Recovery

Time
2.00 4.00 6.00 8.00

%

0

100

2.00 4.00 6.00 8.00

%

0

100
2: MRM of 11 Channels ES+ 

TIC
1.54e6

1: MRM of 5 Channels ES+ 
TIC

1.54e6
2.15

2.04

1.82

1.68

2.32

2.54

2.94

Time
2.00 4.00 6.00 8.00

%

0

100

2.00 4.00 6.00 8.00

%

0

100
2: MRM of 11 Channels ES+ 

TIC
1.54e6

6.74

1: MRM of 5 Channels ES+ 
TIC

1.54e6

2.03 2.32

2.52

2.93
Time

2.00 4.00 6.00 8.00

%

0

100

2.00 4.00 6.00 8.00

%

0

100
2: MRM of 11 Channels ES+ 

TIC
1.54e6

1: MRM of 5 Channels ES+ 
TIC

1.54e6

Time
2.00 4.00 6.00 8.00

%

0

100

2.00 4.00 6.00 8.00

%

0

100
2: MRM of 11 Channels ES+ 

TIC
1.54e6

1: MRM of 5 Channels ES+ 
TIC

1.54e6

Time
2.00 4.00 6.00 8.00

%

0

100

2.00 4.00 6.00 8.00

%

0

100
2: MRM of 11 Channels ES+ 

TIC
1.54e6

1: MRM of 5 Channels ES+ 
TIC

1.54e6

ISOLUTE PLD+ ISOLUTE SLE+ EVOLUTE EXPRESS WAX ISOLUTE SAX EVOLUTE EXPRESS AX 

Time
2.00 4.00 6.00 8.00

%

0

100

2.00 4.00 6.00 8.00

%

0

100
2: MRM of 11 Channels ES+ 

TIC
1.54e6

6.56

6.34

5.15

4.72

4.44

6.16

6.93

7.03

8.78

7.27

1: MRM of 5 Channels ES+ 
TIC

1.54e6
2.21

1.83

1.69

2.95

ISOLUTE PPT+

Time
0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40

0

2.34

3.56

Solvent Blank

ISOLUTE SLE+

EVOLUTE EXPRESS AX

ISOLUTE SAX

EVOLUTE EXPRESS WAX

ISOLUTE PLD+

ISOLUTE PPT+

Tr

Time
0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50

%

0

100

0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50

%

0

100
1: MRM of 2 Channels ES- 

121 > 76 (MMA-13C4)
2.28e5

2.11

1: MRM of 2 Channels ES- 
116.9 > 72.9 (MMA)

1.79e4
x102.11

1.710.01

0.02



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


