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Despite the new advances in bioanalytical techniques, the analysis of low-molecular-weight organic acids 

in complex matrices is still a challenge. Although new strategies applying liquid chromatography–tan-

dem mass spectrometry (LC–MS/MS) seem to be promising, sample preparation methodologies hamper 

its application in most clinical laboratories. The quantitation of methylmalonic acid (MMA) in biological 

matrices is an emblematic example due to its low concentration, the need for derivatization to increase 

its molecular weight, and the presence of the physiologically more abundant isomer succinic acid. Here 

we present a new strategy for rapid and sensitive MMA quantitation by combining alkylative extraction 

and LC–MS/MS. Alkylative extraction conditions were optimized to allow endogenous detection of MMA 

using only 50 lL of serum with a short sample preparation procedure. The formation of a unique ion from 

the MMA dipentafluorobenzyl derivative in negative atmospheric pressure chemical ionization (APCI) 

allowed its detection with high sensitivity and with no interference from succinic acid, a more abundant 

physiologically present isomer.

© 2008 Elsevier Inc. All rights reserved.
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Methylmalonic acid (MMA)1 is a by-product of the metabolic 

pathway that converts degradation products of cholesterol, isoleu-

cine, valine, methionine, threonine, thymine, uracil, and odd chain 

fatty acids into succinic acid (SA) [1]. MMA has no known biolog-

ical function, and it is normally present in low levels in serum. 

However, some inborn metabolic disorders result in accumulation 

of MMA, making it a marker for a group of inherited disorders 

collectively known as methylmalonic acidemias [2]. They are the 

most common organic acidemia, and their combined incidence is 

approximately 1 in 50,000 live births.

Furthermore, increase of serum MMA is a sensitive index of 

vitamin B12 deficiency, and the conversion of methylmalonyl–

coenzyme A (CoA) to succinyl–CoA is one of the two vitamin B12-

dependent reactions in humans [3,4]. Indeed, many studies have 

indicated that MMA determination is a more precise indicator 

of vitamin B12 deficiency than is measuring vitamin B12 directly 

[5–8]. This can be explained by the facts that serum vitamin B12 
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is a relatively poor marker of bioavailable vitamin B12 [9], most of 

the commercial methods for vitamin B12 determination have poor 

performance [10], and MMA is more stable and present in higher 

concentrations than is vitamin B12.

Despite the high potential of MMA measurement in clinical chem-

istry, its application is far from common in most clinical chemistry 

laboratories. The analysis of MMA in serum is a good example of 

the difficulties found in the quantitation of low-molecular-weight 

carboxylic acids in biological matrices. The main difficulties in mea-

suring MMA come from its low endogenous concentration and 

from the potential interference from other low-molecular-weight 

organic acids, especially from the naturally occurring isomer SA 

that is present in physiological concentrations approximately 50 

times higher than MMA.

For many years, gas chromatography coupled to mass spec-

trometry (GC–MS) was the gold standard for MMA determi-

nation. In spite of the good performance of this technique, it 

demands laborious procedures for analyte extraction and deriv-

atization [11–14]. In addition, GC–MS requires time-consuming 

chromatographic separations to resolve structurally related 

compounds.

Liquid chromatography coupled to tandem mass spectrometry 

(LC–MS/MS) is rapidly replacing GC–MS in clinical laboratories due 

to its relative methodological simplicity. Recently, LC–MS/MS meth-

ods were described for MMA analysis on serum and urine [15–17]. 

These methods presented different analyte extraction strategies, 
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but both employed derivatization by butanolic HCl to form dibutyl 

esters and detection with positive mode electrospray ionization. 

However, butanolic HCl derivatization also produces an isomeric 

SA derivative whose fragments are similar to those produced by 

the MMA derivative. Thus, methodologies for analyte extraction 

and derivatization, although simpler than those required for GC–

MS, are still necessary, and sample preparation has become the lim-

iting step in the process.

The intent of this study was to develop a simple method for 

determination of MMA in serum with simplified sample prepara-

tion, elimination of the interference from SA, and good sensitivity 

to allow quantitation in low-volume samples.
Fig. 1. Full scan mass spectra of MMA (top) and
Materials and methods

Chemicals

MMA and 2,3,4,5,6-pentafluorobenzyl bromide (PFBBr) were 

obtained from Fluka Chemie (Buchs, Switzerland). Methyl-d3-

malonic acid (MMA-d3) was obtained from CDN Isotopes (Pointe-

Claire, Canada). HPLC-grade acetonitrile and dichloromethane 

were purchased from Tedia (Fairfield, OH, USA). Tetrabutylammo-

nium hydrogen sulfate (TBAHS) was purchased from Vetec Quí-

mica Fina (Rio de Janeiro, Brazil). Ultrapure water, obtained from 

a Milli-Q purification system, was used throughout the study pro-
 SA (bottom) PFB derivatives in negative APCI.
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cedure. All other reagents were obtained from Sigma–Aldrich (St. 

Louis, MO, USA).

Instrumentation

Mass spectrometric studies were carried out on a Waters Quat-

tro Micro tandem mass spectrometer equipped with an atmo-

spheric pressure chemical ionization (APCI) probe operating in neg-

ative mode. The following conditions were used: corona current 

of 15 lA, cone voltage of 21 V, and source and APCI probe tempera-

tures of 70 and 300 °C, respectively. Desolvation nitrogen flow was 

300 L/h. For MS/MS analysis, argon was used as collision gas with a 

cell pressure of 4 £ 10–3 mbar. All parameters were adjusted for a 

unitary mass resolution. For LC–MS/MS analysis, mobile phase (iso-

cratically with 70% acetonitrile in water at 0.4 mL/min) was pumped 

through a Synergi-MaxRP 4 lm, 50 £ 2 mm column (Phenomenex, 

Torrance, CA, USA) from a system composed of two Shimadzu LC-

10ATvp HPLC pumps controlled by an SCL-10Avp module. Injection 

was performed through an Agilent 1050 autosampler. Data acquisi-

tion and control of all system components were performed with 

MassLynx 4.0 software.

Specimens

Serum samples from 198 healthy adult controls were used after 

informed consent to determine the reference range. This study was 

approved by an institutional ethics committee, and informed con-

sent was obtained from all participants in the study.

Preparation of MMA and SA derivatives

The dipentafluorobenzyl derivatives of MMA, MMA-d3, and SA 

for qualitative analyses and optimization of mass spectrometric 

conditions were prepared by mixing 17 lmol of each acid previ-

ously dissolved in 2 mL of acetonitrile with 48 lmol PFBBr in 200 lL 

of acetonitrile and 150 lmol of triethylamine. The mixtures were 

incubated at 65 °C for 2 h. The solvent was completely removed in a 

TurboVap LV concentrator (Caliper Life Sciences, Hopkintown, MA, 

USA), and the residues were dissolved in 2 mL of acetonitrile.

Qualitative mass spectrometric analysis

Full scan and product ion scan analysis were performed through 

direct infusion of MMA, MMA-d3, and SA derivatives in acetonitrile/

water (1:1) through a syringe pump integrated to the spectrome-
Fig. 2. Derivatization reactions of MMA and SA with PFBBr and m
ter. The spectrometer acquisition parameters, such as ionization 

source voltages, probe and source temperatures, gas flow, and colli-

sion energy, were adjusted to maximize the signals of ions of inter-

est. Full scan mode analyses were performed at the mass interval 

of m/z 150–500. Product ion scan analyses in daughter scan mode 

were performed at the interval of m/z 50–500.

Quantitative mass spectrometric analysis

For quantitative measurements, acquisition was performed in 

multiple reaction monitoring (MRM) mode. The transitions mon-

itored were m/z 477!231 and 477!279 for detection of MMA–

(PFB)2 and m/z 480!234 and 480!281 for detection of MMA-d3-

(PFB)2. Energy of collision was set to 13 eV.

Data processing and quantitation was performed by the Quan-

Lynx Application Manager. Calibration was performed through lin-

ear regression using a 5-point curve with fit weighting to 1/x2 to 

give higher priority to calibration points with a low concentration. 

The accepted range for ion ratios was within 20% of the calibration 

standards.

Preparation of calibrators and control samples

Calibrator and control samples were prepared with a pool of 

human serum dialyzed (12 kDa cutoff) against phosphate-buffered 

saline (PBS) at 4 °C for 5 days. Calibrators were set at concentra-

tions of 0.20, 0.40, 0.80, 1.50, and 3.00 lmol/L. Control samples 

were prepared at concentrations of 0.25 and 1.20 lmol/L. All sam-

ples were aliquoted (50 lL) into 1.5-mL polypropylene Sarstedt 

tubes with screw caps and stored at –20 °C.

Optimization of alkylative extraction

To study the reaction conditions that would give maximum 

yield of the MMA dipentafluorobenzyl derivative [MMA–(PFB)2], a 

pool of serum samples spiked with MMA achieving a final concen-

tration of 10 lmol/L was treated with different solvents, reagent 

concentrations, and reaction temperatures and then reaction times 

were evaluated.

The effects of different organic solvents on the yield of MMA–

(PFB)2 were determined by comparing the peak areas obtained when 

treating 50 lL of MMA spiked serum with 200 lL of 0.1 mol/L TBAHS, 

200 lL of 0.2 mol/L NaOH, and 350 lmol of PFBBr together dissolved 

in 800 lL in each of the respective solvents: hexane, cyclohexane, iso-

octane, ethyl ether, ethyl acetate, chlorobutane, trichloromethane, 
ajor characteristic ions of the (PFB)2 derivatives in negative APCI.
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and dichloromethane. Reactions were conducted in 1.5-mL polypro-

pylene Sarstedt tubes with screw caps and under stirring in an Eppen-

dorf Thermomixer at 1400 rpm and 50 °C for 4 h. To optimize reaction 

temperatures, a series of different reactions were performed under 

similar conditions but at different reaction temperatures (40–90 °C 

with increments of 5 °C). To establish the most efficient pH for the pro-

cess, the reaction was performed as before except that dichlorometh-

ane was chosen as the solvent and TBAHS and NaOH solutions were 

replaced by 400 ll of 0.1 mol/L TBAHS prepared at pHs 7–10 adjusted 

with the addition of triethylamine. The effect of the transfer phase 

reagent concentration was investigated performing the reaction in 
Fig. 3. MS/MS spectra of MMA–(PFB)2 (top) and MMA-d3-(PFB)2 (bottom) derivatives v

tively.
TBAHS concentrations ranging from 0.05 to 0.8 mol/L at pH 8.8. To 

optimize the concentration of alkylating reagent, PFBBr concentra-

tions were studied from 0.05 to 2 mol/L. Finally, to establish the opti-

mal reaction time, the time course of the reaction was determined by 

monitoring the reaction from 20 to 240 min with a 20-min interval.

Standard sample processing procedure

Aliquots of 50 lL of serum, calibration, or control samples were 

transferred to 1.5-mL Sarstedt polypropylene microtubes with 

screw caps. Then 10 lL of internal standard solution (MMA-d3 at 
ia collision induced dissociation. The precursor m/z values were 477 and 480, respec-
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Fig. 4. Typical LC–MS/MS chromatogram from a serum sample containing 0.40 lmol/L MMA and 2 lmol/L MMA-d3.

Fig. 5. Comparison of measurement of MMA by detection of butyl derivatives by 

positive electrospray and PFB derivatives by negative APCI.

Table 1

Imprecision of LC–MS/MS assay for MMA determination

Concentration (lmol/L) Within day (%CV) Total (%CV)

0.15 7.5 10.7

0.49 6.4 7.0

2.15 4.2 4.8
100 lmol/L), 50 ll of 0.4 mol/L TBAHS solution (pH 8.8), and 400 lL 

of 0.1 mol/L PFBBr in dichloromethane were added. The tubes were 

incubated in an Eppendorf Thermomixer at 85 °C and 1400 rpm for 

1 h in a fume hood with exhaustion. The tubes were centrifuged 

for 10 min at 13,000 rpm. The lower phase was transferred to chro-

matographic vials, and 50 lL of dimethyl sulfoxide (DMSO) was 

added to the organic extract. The samples were then subjected to 

LC–MS/MS analyses.

Safety considerations

PFBBr is a lacrimator and an eye irritant. All derivatization pro-

cedures should be carried out in a ventilated hood.

Data analysis

All chromatographic data were processed using the Mass-

Lynx 4.0 software package with QuanLynx Application Manager. 

Response factor values were obtained by dividing the peak area 
of the quantifier transition by the correspondent peak area of the 

deuterated internal standard quantifier transition. Calibration was 

performed using a 5-point curve through linear regression with fit 
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weighting to 1/x2 to give higher priority to calibration points with 

a low concentration. The accepted range for ion ratios was within 

20% of the calibration standards.

Statistical analyses of imprecision, linearity, recovery, accuracy, 

method comparison, limits of quantitation, and reference values 

were performed using EP Evaluator software (release 4).

Results and discussion

Mass spectrometric characteristics

Mass spectrometric analysis of the dipentafluorobenzyl deriv-

ative of MMA [MMA–(PFB)2] by negative mode APCI provided an 

interesting feature for selective detection of MMA. As shown in Fig. 

1, MMA dipentafluorobenzyl derivative showed a spectrum with a 

base peak at m/z 477 corresponding to the deprotonated molecule. 

The second less abundant ion m/z 297 is possibly produced by dis-

sociative electron capture APCI through the loss of a pentafluorob-

enzyl radical [18]. The related dipentafluorobenzyl derivative of SA 

[SA–(PFB)2] analyzed under identical MS conditions showed only 

peaks at m/z 297 and 343 (Fig. 1).

The exclusive formation of m/z 477 for the MMA derivative could 

be explained by the symmetric structure of this compound and the 

resulting inductive effect of the two strong electron withdrawing 

groups concentrated on the central carbon resulting in increased 

acidity and favoring its ionization by deprotonation rather than by 

dissociative electron capture (Fig. 2). On the other hand, the same 

mechanism is not possible for the SA derivative. Because the for-

mation of the deprotonated molecule is unique for MMA, it allows 

isomeric discrimination between MMA and SA. Another advantage 

of the m/z 477 detection is the number of product ions useful for 

MS/MS detection. As can be inferred from Fig. 3, all ions above 

m/z 200 are produced by the fragmentation of PFB groups given 

that there is a mass difference of 3 units, indicating the presence 

of the methyl group in these fragments. The most abundant frag-

ment (m/z 231) was chosen as a mass transition for quantitation. A 

second mass transition (477!279) was selected as the qualitative 

transition to establish ion ratios.

Optimization of extractive alkylation conditions

Relatively higher yields of MMA–(PFB)2 were obtained using 

dichloromethane as the organic phase. The concentration of the 

phase transfer reagent and the optimal pH were 0.8 mol/L and pH 9, 

respectively. The yield of extraction/derivatization increases with 

increasing temperatures. In spite of the low boiling temperature of 

dichloromethane, we verified that it is possible to conduct a reac-

tion at 85 °C using a polypropylene tube with a screw lid and rubber 

sealing ring. On adjusting the reaction time to 1 h, we achieved a 

high reaction yield with the simultaneous concentration of dichlo-

romethane to approximately 10% of its original volume. This step 

must be performed in a thermomixer in a fume hood. Although 

we observed that higher concentrations of PFBBr further increase 

the yield of the MMA–(PFB)2, we found that 0.1 mol/L of PFBBr is 

enough to achieve the required sensitivity to detect endogenous 

concentrations of MMA in serum. (See Figs. S-1–S-5 in the supple-

mentary material for optimization experiments.)

After optimizing the reaction conditions, a standard sample pro-

cessing procedure that is done in a two-step procedure was estab-

lished. The organic extract obtained from the extraction/derivati-

zation step is combined with DMSO in chromatographic vials and 

directly injected on the LC–MS/MS system. This procedure elimi-

nated manual steps such as evaporation, residue reconstitution, 

and tube transferences that are required in those methods based 

on butanolic HCl derivatization [15,16].
LC separation

A short chromatographic separation was developed to retain the 

MMA–(PFB)2 for 1.5 min, allowing its separation from the excess of 

the organic extract components to avoid signal suppression. A typ-

ical chromatogram from a serum sample is presented in Fig. 4 (see 

also Figs. S-6 and S-7 for more examples).

The high specificity and sensitivity obtained with MRM detec-

tion of MMA–(PFB)2 ionized by negative APCI allowed the direct 

analysis of the organic extract after a short LC separation (2 min).

Method validation

Within-run imprecision was determined by analyzing serum 

samples containing MMA at concentrations of 0.15, 0.49, and 

2.15 lmol/L 20 times on the same day. Total assay imprecision was 

assessed by analyzing four replicates per day over a 10-day period 

[19]. As shown in Table 1, imprecision was less than 10.7%.

Linearity, accuracy, and recovery were determined altogether 

analyzing in triplicate supplemented samples prepared at MMA 

concentrations of 0.10, 0.25, 0.50, 1.00, 2.50, 5, 10, 25, 50, 75, 

100, and 250 lmol/L. The method presented linearity up to 

250 lmol/L with a coefficient of determination (R2) of 0.99. Accu-

racy and recovery, assessed by calculating the percentages of the 

measured versus nominal concentrations, were between 97 and 

105% (Fig. S-8).

The method presented good ruggedness, as verified by evaluat-

ing a quality control sample over 34 months (Fig. S-9).

Lower limits of detection and quantitation determined follow-

ing the CLSI EP17-A guideline [20] were 0.03 and 0.08 lmol/L, 

respectively, using 50 lL of serum (Fig. S-10). This method pre-

sented a significant improvement in sensitivity as compared with 

the methods described by Magera and coworkers [15], where the 

sensitivity was 0.12 lmol/L using 600 lL of plasma, and by Kushnir 

and coworkers [16], where the limit of quantitation was 0.10 lmol/

L using 1000 lL of plasma or serum.

The interference from SA was studied by spiking a pool of 

serum containing MMA at 0.10 lmol/L with SA at a concentration 

of 1000 lmol/L. The concentration of MMA and the ion ratios of the 

nonspiked serum were compared with those obtained from the SA 

spiked pool of serum. Neither increases in the measured concen-

tration nor increases in the qualitative ion ratios were observed, 

proving the absence of interference from SA (Fig. S-11).

To evaluate the matrix effect, a postcolumn infusion of MMA–

(PFB)2 solution at 5 lmol/L into the LC stream and the MS response 

were monitored. Extracts from 10 different specimens with unde-

tectable MMA were compared with mobile phase injections. No 

ion suppression or enhancement was observed in the elution inter-

val of the MMA–(PFB)2.

The current method was compared with a previously described 

method based on butanolic HCl derivatization and LC–MS/MS 

detection in positive electrospray ionization mode [16]. A group of 

40 serum samples from patients with concentrations ranging from 

0.08 to 0.85 lmol/L were assayed by both methods (Fig. 5). Dem-

ming regression analysis showed a correlation coefficient of 0.987 

and a linear regression equation of y = 0.997x + 0.019.

Reference values calculated by the central 95% interval using a 

nonparametric method, in accordance with the International Feder-

ation of Clinical Chemistry recommendations, was 0.10–0.50 lmol/

L (Fig. S-12).

This new strategy combining alkylative extraction and PFB 

derivatives detection by negative APCI resulted in a quick, simple, 

and sensitive method for MMA quantitation in serum. This method 

might be adapted for measurement of MMA in different biological 

matrices and also for detection of other organic acids.
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