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Abstract
Preparation of intact mitochondria requires the use of an os-

moticum in high concentration that preserves the mitochondrial 
structure and prevents physical swelling and rupture of membranes. 
For this purpose mannitol is widely accepted as a component of the 
homogenization medium. The formation of sorbitol in plant mito-
chondria can be an important element of plant response to salinity 
and drought. The large difference in the concentration of possibly 
formed sorbitol and mannitol of the homogenisation medium makes 
the determination of sorbitol difficult. Gas-chromatography with 
flame ionization detection (GC-FID), gas-chromatography coupled 
to quadrupole mass spectrometry (GC-QPMS) and liquid chroma-
tography/tandem mass spectrometry (LC/MS-MS) using hydrophilic 
interaction chromatography (HILIC) were tested to quantify this 
highly polar sugar alcohol: Although all three methods offered sat-
isfactory results, the HPLC/MS-MS technique proved to be the best.
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Introduction
Invertase activity and the corresponding transport of fructose, 

glucose and sucrose were described in mitochondria isolated 
from Jerusalem artichoke tubers [16]. Following this observation 
the enzyme was found in mitochondria from other plant species 
suggesting that it is a general feature of plant cells. The prokary-
otic origin of mitochondria gave an idea on the physiological 
role of this carbohydrate conversion system. A sucrose-glucose/
fructosesorbitol pathway has been described, as the central os-
moregulation machinery, in the prokaryotic Zymomonas mobilis 
[9]. This bacterial mechanism provides special importance to 
the observations that several plant species accumulate differ-
ent sugar alcohols under drought and salt stress [3,5,13,15] and 
sorbitol can be one of the key components of the osmotic stress 
adaptation mechanism [12]. In order to verify this hypothesis 
and gain insight into the mitochondrial production of sorbitol, an 
appropriate analysis method had to be developed.

To prepare intact mitochondria from different (plant) sourc-
es, a homogenization medium should be used which consists 
of 0.3–0.4 M of an osmoticum. The osmoticum preserves the 
mitochondrial structure and prevents physical swelling and 
rupture of membranes. Sucrose and mannitol are generally 
used osmolytes in mitochondrial research [7,20]. On one hand 
the application of sucrose as osmoprotectant in the investiga-
tion of mitochondrial sorbitol formation is not possible, due 
to the mitochondrial invertase activity which cleaves sucrose 
into glucose and fructose, therefore it would interfere with the 
observation of sorbitol formation (from glucose and fructose). 
On the other hand mannitol and sorbitol are epimers, with only 
one stereogenic centre difference in their configuration, they 
lack chromophores or fluorophores. Thus the separation and 
detection of these molecules are difficult. Since the level of 
intactness of isolated mitochondria was not satisfactory when 
xylitol was applied in the preparation of animal and plant mito-
chondria [18] it cannot be used as an osmolyte in the prepara-
tion of mitochondria.

Gas-chromatgraphy (GC) with flame ionization or mass 
spectrometry detection are widely applied techniques for sugar  
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alcohol determination [6,10,11]). However carbohydrates – due 
to their high polarity, hydrophilicity and low volatility – should 
be converted into volatile and stable derivatives prior to GC in-
jection. Silylation is used widely as a derivatization procedure 
since silyl derivatives are more volatile, less polar, and more sta-
ble than their parent compounds [2]. To avoid the time-consum-
ing derivatization step liquid-chromatography can also be a suit-
able choice for sugar alcohol determination. High-performance 
anion-exchange chromatography (HPAEC) coupled to pulsed 
amperometric detection (PAD) or hydrophilic interaction liquid 
chromatography (HILIC) coupled to electrospray ionisation tan-
dem mass spectrometry (ESI-MS-MS) are powerful tools for the 
analysis of these highly polar compounds [8,17].

Sorbitol and mannitol at millimolar concentrations can be ef-
ficiently separated with these techniques. Since isolated mito-
chondrial fraction contains only a limited amount of mitochon-
drial proteome, only limited sorbitol formation can be expected. 
Hence in the reaction medium a small amount (0.1-1mM) of 
sorbitol should be measured in the presence of a large amount 
of mannitol (0.4 M). Due to these reasons, we aimed at the de-
velopment of a suitable chromatographic method for the deter-
mination of sorbitol in the presence of high amount of mannitol. 
Three different techniques were compared: gas-chromatography 
with flame ionization detection (GC-FID), gas-chromatography 
coupled to quadrupole mass spectrometry (GC-QPMS), and hy-
drophilic interaction liquid chromatography coupled with elec-
trospray ionisation and tandem mass spectrometry.

Materials and methods
Materials
Ethylenediaminetetraacetic acid (EDTA), Trishydroxymeth-

ylaminomethane (Tris), 4-morpholinepropanesulfonic acid 
(MOPS), mannitol, sorbitol, xilitol, bovine serum albumin 
(BSA) were obtained from Sigma. Hexamethyldisilazane 
(HMDS) – trimethylchlorosilane (TMCS) – pyridine mixture 
was obtained from Supelco. Percoll was purchased from Ap-
plied Biosystems. 13C6 labeled glucose, fructose, sorbitol were 
purchased from Cambridge Isotope Laboratories. All other 
chemicals were of analytical grade.

Preparation of mitochondria
Jerusalem artichoke (Helianthus tuberosus L.) tubers were 

purchased from the local market. Mitochondria were freshly 
isolated from the tubers as described by Szarka et al. [16].

Sample preparation
100-250μl freshly purified mitochondria isolated from Jerusa-

lem artichoke were used in the experiments. Mitochondria (ap-
prox. 1 mg/ml) were incubated in a buffer containing 300 mM 
mannitol, 10 mM MOPS, pH 7.4 at room temperature (22–25°C). 
Incubations were initiated by the addition of 100 mM glucose and 
fructose. After 2 h of incubation the reactions were terminated by 

the addition of 0.05 volume of Carrez I reagent (30% (w/v) zinc 
acetate). The excess of Carrez I reagent was eliminated by the ad-
dition of the same volume of Carrez II reagent (15% (w/v) ferro-
cyanide). Samples were centrifuged at 18,000g for 10 min at 4°C. 
The volume of the supernatant was determined by micropipette, 
250 - 500 μl 80v/v% ethanol/water was added to the samples, 
mixed well for 1h and centrifugated at 18,000g for 5 min at 4°C. 
The extracted aliquots (100μl) were transferred into 1.5-mL Ep-
pendorf tubes and the solvents were evaporated completely using 
a vacuum concentrator (Speed Vac Plus SC11A).

Standard stock solutions of sugars, sugar alcohols were also 
prepared at different concentrations (1M glucose, fructose, 
mannitol; 100mM sorbitol) in water. For GC/GC-MS analysis 
after appropriate dilution they were evaporated and dissolved 
in the derivatization mix, for LC-MS-MS analysis they were 
diluted in the mobile phase. Procedural blanks were analysed 
with every run.

Derivatization
Silylation reactions were carried out with the following deri-

vatization mixture: HMDS+TMCS+Pyridine, 3:1:9 (Sylon™ 
HTP, Supelco). 100-200 μl of silylation mixture was added to 
the evaporated samples. The mixture was vortexed for 10 min-
utes and kept overnight to form the trimethylsilyl products. The 
verification of derivatization of standard compounds at differ-
ent concentrations was monitored by thin layer chromatogra-
phy as described by Waldi et al. [19]. Derivatized extracts were 
evaporated to dryness and dissolved in 100-200 μl of hexane 
for analysis. Prior to analysis, xylitol-TMS as internal standard 
was added to the samples.

Gas-chromatography – flame ionization 
detection (GC-FID)
Gas chromatographic analyses were carried out on a Fisons 

Instruments gas-chromatograph equipped with a flame ioniza-
tion detector (GC 8060 CB). Trimethyl-silyl (TMS) derivatives 
were separated on a nonpolar fused silica capillary column 
DB-1 (30 m x 0.25 mm id. x 1 μm film; Agilent) helium was 
used as carrier gas. The injection temperature was 270°C the 
detector temperature was 250°C. The oven temperature pro-
gram was the following: 100°C initial temperature was held 
for 2 min then temperature increased to 300°C by 5°C/min.
This was followed by an isothermal hold at 300°C for 10 min. 
The injection volume was 1μl. Polyols were identified by com-
parison of retention times of peaks of silylated standard com-
pounds. Quantification of each compound was performed using 
the internal standard calculation method.

Gas-chromatography – mass spectrometry (GC-MS)
Gas chromatographic – mass spectrometric analyses were 

carried out on a Shimadzu GC-MS system (GCMS - QP2010). 
For the measurements a ZB-5 capillary column (30m×0.25mm 
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I.D., film thickness of 0.25 μm, Zebron) was used. The carrier 
gas was helium at a constant flow rate of 1 mL/min. The injec-
tor and MS source temperatures were 280°C and 260°C respec-
tively. The column temperature program was the same as in the 
GC-FID measurements. The MS was operated in electron impact 
mode, the ionization energy was 70eV. Scan range was from 50 
to 350 Da. Samples were analyzed in split mode the split ratio 
was 1:100. 1μl of the sample was injected into the GC–MS sys-
tem. Compound identification was performed by comparison of 
retention times of peaks and mass spectra of authentic stand-
ards, and the mass spectral library of the GC–MS data system. 
Compounds were quantified using extracted ion chromatogram  
(m/z 319) peak area, and the internal standard calculation method.

LC/MS-MS
LC/MS-MS analyses were carried out on a Perkin Elmer 

HPLC system (Series 200) coupled to an electrospray ionisation 
triple quad mass spectrometer (Perkin Elmer Sciex API 365). 
Chromatographic separation was performed on a zwitterionic 
ZIC-pHILIC stationary phase (150 x 2.1mm, 5μm; SeQuant, 
Merck). The flow rate of the isocratic elution was 100 μL/min, 
the sample injection volume was 5 μL, the HILIC column was 
used at ambient temperature (25°C) and sample run time was 40 
min. Mobile phase composed of 80% acetonitrile- 5% methanol 
and 15% 20 mM ammonium acetate buffer (pH 9).

Standards of 13C6 labelled fructose, glucose, sorbitol and 12C6 
mannitol were used for identification and quantification of peaks. 
Negative ion mode electrospray ionization (ESI) and multiple reac-
tion monitoring mode (MRM) were employed for all analytes. Op-
timum parameters were determined for each standard compound 
using their 10 μg/mL solution in methanol by direct infusion with 
a syringe pump. Mass spectra were acquired over the scan range 
m/z 50 to 500 of each standard compounds. Deprotonated [M−H]− 
ions were selected as precursor ions, product ions after collision 
induced fragmentation were selected for compound determination. 
Table 1 shows the MRM transitions used for the different analytes. 
Data were processed using Analyst 1.4.2 software.

Results and discussion
Appropriate separation of mannitol and sorbitol standards 

could be reached at millimolar concentrations by GC-FID us-
ing a nonpolar fused silica capillary column (Fig. 1a). Reten-
tion times for mannitol and sorbitol were 25.50 and 25.63 min 
respectively. A significant peak widening could be observed 
analyzing the mitochondrial samples due to the high manni-
tol concentration therefore sorbitol could not be determined 
reliably. The dilution of the samples resulted in the success-
ful separation and determination, but several unknown back-
ground peaks could be detected at the expected retention time 
of sorbitol (Fig. 1b). To avoid incorrect recognition of the de-
sired peak, the use of the time consuming standard addition 
method was necessary.

Compound name Precursor ion mass 
(m/z)

Product ion masses 
(m/z)

glucose 13C6 184.6 61.0; 91.9

fructose 13C6 184.6 61.0; 91.9

sorbitol 13C6 186.6 61.0; 91.9

mannitol 12C6 186.6 89.0; 91.9

xylitol 12C6 150.6 89.0; 70.9

Tab. 1. Selected precursor ion and product ion masses for compound 
determination by HPLC-MS/MS

Fig. 1. GC-FID chromatogram of (a) silylated 1mM mannitol and sorbitol 
standards (b) silylated Jerusalem artichoke mitochondrial sample. Identified 
peaks: (1) mannitol (2) sorbitol. GC conditions: DB-1 column (30 m x 0.25 mm 
id. x 1 μm film), 1mL/min flow, 1μL injection.

(a)

(b)
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Gas-chromatography coupled with mass spectrometry pro-
vided excellent qualitative analysis due to the capability of 
structural identification of the compounds. Despite of the same 
MS fragmentation pattern observed in the case of mannitol and 
sorbitol, the capillary column provided the sufficient separa-
tion of these sugar alcohols at millimolar concentration range 
(Fig. 2a). Retention times for mannitol and sorbitol were 24.14 
and 24.31 min respectively. Furthermore sorbitol could be 
measured at millimolar concentration, in the presence of high 
amount of mannitol (0.4M) after appropriate dilution of the mi-
tochondrial samples (Fig. 2b).

Unfortunately the reproducibility of the derivatized mito-
chondrial samples was not sufficient in some cases. Mitochon-
drial samples derivatized parallel had different colours and 
morphology after the evaporation. No similar problems could 
be observed in the case of the standards. The differences ob-
served between mitochondrial samples could not be avoided by 
the application of different amount of derivatization mixtures. 
This unpredictable behaviour of mitochondrial samples made 
the analysis difficult by this method.

The disturbing effects of the mitochondrial background 
could be avoided by the determination of the pure sugar alcohol  

production due to the putative mitochondrial aldose reductase 
activity. The application of 13C labelled substrates (13C6 glucose 
and fructose) and consequently the formation of 13C labelled 
products (13C6 sorbitol) by mitochondria offers the advantage 
that these compounds can be selectively measured by mass spec-
trometry, due to the mass difference of the labelled compounds.

HPLC-MS-MS technique combined with hydrophilic interac-
tion liquid chromatography also offers an appropriate solution 
to eliminate the time, sample consuming and uncertain deriva-
tization step. Although traditional silica-based columns are not 
stable at high pH, the ZIC-pHILIC polymeric column gives the 
possibility to apply basic (pH 9) mobile phase for the separation. 
Therefore sugars and sugar alcohols can be separated and de-
tected in negative ion mode, as deprotonated [M−H]− (negatively 
charged compounds). The MRM mode detects only product ions 
from the selected precursor ions, therefore chemical background 
and other components of reaction media were absent from the 
mass spectrum. The investigated highly polar analytes could not 
be dissolved in the acetonitril-water mixture that was initially 
used as mobile phase. However the addition of methanol to the 
mobile phase solved this problem. The applied column and mo-
bile phase provided the separation of sorbitol and mannitol at the 

Fig. 2. GC-MS extracted ion chromatograms of (a) silylated 1mM mannitol and 0,5 mM sorbitol standards (b) silylated Jerusalem artichoke mitochondrial 
sample. Identified peaks: (1) mannitol (2) sorbitol. GC conditions: ZB-5 column (30m×0.25mm i.d., 0.25 μm film, 1mL/min flow, 1μL injection.

(a) (b)
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level of millimolar concentrations (Fig. 3a). Retention times for 
sorbitol and mannitol were 20.97 and 22.40 min respectively.
The use of 13C labelled substrates (13C6 glucose, fructose) and 
12C6 mannitol as osmoticum allowed us to measure sorbitol pro-
duction selectively. Low amount of 13C6 sorbitol could be deter-
mined in the presence of high amount of mannitol in mitochon-
drial samples (Fig. 3b spiked mitochondrial sample).

Finally, our goals could be reached by the above detailed  
HPLC-MS-MS method. It is suitable to determine such a low 
amount of sorbitol (0.1-1 mM) in the presence of high amount 
of mannitol (0.4 M) from mitochondrial samples. Hence the as-
sessment of sugar alcohol production of plant mitochondria can 
be achieved.

Conclusions
Although sorbitol could be determined selectively and 

in low concentration by all three applied methods (GC-FID,  
GC-MS, HPLC-MS-MS), the requirements of the biological 
sample (low amount of sorbitol in the presence of high amount 
of mannitol in a complex, biological matrix) could only be 
fulfilled by the newly developed HPLC-MS-MS method.  

Our HILIC method offers a much better separation for these 
highly polar and closely related sugar alcohols than similar 
methods reported in the literature [1] therefore ion suppression 
in mitochondrial samples is less problematic.

Although the LC-MS/MS technique requires expensive instru-
mentation, and costly 13C labelled standards it provides sensitive 
and reliable qualitative and quantitative analysis of complex ma-
trices using simplified sample preparation. The combination of 
13C labelled standards and HILIC-ESI-MS-MS allowed us the 
accurate assessment of sugar alcohol production of mitochondria 
derived samples and could easily be used with other plant species.

Fig. 3. Extracted ion chromatograms obtained by HILIC-ESI-MS/MS: (a) 100 μM 12C6 mannitol and sorbitol standards (b) Jerusalem artichoke mitochondrial 
sample spiked with 100μM 13C6 sorbitol. Identified peaks: (1) sorbitol (2) mannitol. HPLC-MS/MS conditions: ZIC-pHILIC column (150 x 2.1mm, 5μm ), 
200 μL/min, 5μL injection; negative ion [M−H]− ESI-MS/MS

(a) (b)
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