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Abbreviations
SG  Steryl glucoside(s)
ASG  Acyl steryl glucoside(s)
TLC  Thin layer chromatography
GC  Gas chromatography
HPLC  High performance liquid chromatography
MS  Mass spectrometry
SPE  Solid-phase extraction
TL  Thermococcus litoralis beta-glycosidase
HK  Hexokinase
G6PDH  Glucose-6-phosphate dehydrogenase
MTBE  Methyl tert-butyl ether
FID  Flame ionization detector

Introduction

Biodiesels are produced by the transesterification of veg-
etable or animal derived triacylglycerols with methanol. 
During the past decade the biodiesel industry has formed 
and grown as the product represents a promising alternative 
to petroleum fuels. Biodiesels can be utilized by traditional 
fuel-burning engines, produce fewer particulates when 
burnt, have a higher flash point, and are less toxic than 
petroleum-based fuels. However biodiesels still suffer from 
some problems derived from their organic origin, mainly 
due to the formation of precipitates at various points in the 
production chain and during its transportation and stor-
age [1, 2]. Thus, the content of insoluble contaminants is 
a closely monitored quality parameter, since an excess of 
them may cause operational problems in vehicles due to 
fuel filter plugging by solid materials. In order to meet the 
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ASTM D6751 [3] and EN14214 [4] specifications, insolu-
ble solids present in biodiesel should not exceed the speci-
fication limits of the D7501-12 [5] and EN 12662 [6] meth-
ods [1, 2].

It has been reported that the main component of precipi-
tates in biodiesel are steryl glucosides (SG), which consist 
of a glucose unit glycosidically linked to a sterol [2, 7–9]. 
SG and acyl SG (ASG) are naturally present in plant tissues 
and vegetable oils, as derivatives of sterols that are the main 
unsaponifiable components [10]. In ASG, the 6-position of 
the sugar is esterified with a long chain fatty acid. Under 
alkaline conditions, this ester bond between the glucose 
and the fatty acid is broken, and the ASG are converted to 
SG. Such a side reaction occurs during transesterification, 
resulting in an increased SG concentration in biodiesel in 
comparison to the initial concentration present in the feed-
stock oil [2]. Due to the loss of the fatty acid chain, SG 
have an increased polarity making them less soluble than 
ASG, which explains the formation of precipitates [11]. 
As new regulations are being set on the tolerable amount 
of insoluble material, the accurate quantification of SG is 
important to assess the quality of these fuels.

Several analytical techniques have been proposed to 
determine both qualitatively and quantitatively SG [7, 8, 
11–17]. These include thin layer chromatography (TLC) 
and high performance TLC (HPTLC), high temperature 
gas chromatography (GC), high performance liquid chro-
matography (HPLC) and mass spectrometry (MS). TLC, 
while fast and non expensive gives only qualitative or semi-
quantitative results, whereas HPTLC requires a previous 
solid-phase extraction (SPE) and elution step and special-
ized equipment [17, 18]. GC and HPLC require expensive 
analytic instruments, and also need a previous concentra-
tion step by SPE [7, 12, 19], centrifugation [20] or via 
distillation [2], or alternatively to be equipped with a MS 
detector [14] to achieve higher sensitivity. In the present 
work we propose an enzymatic method for quantification 
of SG in biodiesel. This enzymatic method is non-expen-
sive, its sensitivity falls well within the lowest range of cur-
rently observed SG content in the product, and can be run 
in a high throughput format using a multi-well spectrofluo-
rometric reading system. We show that the results of our 
method strongly correlate with well-established chroma-
tographic methods when analyzing biodiesel samples pro-
duced by local manufacturers.

Experimental Procedures

Materials

Commercial crude soybean biodiesel samples were 
obtained from Unitec Bio S.A. (Pto. Gral. San Martín, 

Argentina). Distilled soybean biodiesel was obtained from 
Intertek Argentina (Rosario, Argentina). A SG standard 
was purchased from Matreya LLC (Pleasant Gap, PA). The 
standard cholesteryl-glucoside, the chemicals N-methyl-
N-trimethylsilyltrifluoroacetamide, p-nitrophenyl-β-d-
glucopyranoside (pNPG), ATP and NADP+, and the 
enzymes HK and G6PDH were purchased from Sigma-
Aldrich, Co (St. Louis, MO).

Protein Purification

The expression and purification of the broadly specific 
beta-glycosidase from Thermococcus litoralis (TL) was 
carried out as described in Ref. [20]. Briefly, TL DNA 
sequence was synthesized by Genscript (Piscataway, 
USA), cloned into pET28a at NdeI/EcoRI restriction sites 
to obtain N-terminal fusion to a His6 tag, and transformed 
into E. coli BL21 (DE3) strain. Cell cultures of this strain 
were harvested, resuspended in 50 mM phosphate buffer 
pH 6.8, 150 mM NaCl, and 2.5 % Triton X-100, and dis-
rupted by sonication. After disruption, crude extracts were 
clarified by centrifugation and purified by affinity chroma-
tography. β-Glucosidase activity was assayed as described 
previously [21]. The reaction mixture (500 μl) contained 
465 μl of sodium citrate buffer (25 mM, pH 5.5), 25 μl 
of 20 mM pNPG, and 10 μl of the appropriate dilution of 
enzyme-containing sample. After incubation at 80 °C for 
5 min, the reaction was stopped by adding 1 ml of cold 
200 mM sodium carbonate. The activity of TL was esti-
mated spectrophotometrically by reading the absorbance 
of the liberated p-nitrophenol at 405 nm (ε = 18,700). One 
unit (U) was defined as the amount of enzyme required 
for the hydrolysis of 1 μmol pNPG/min, under the assay 
conditions.

Fluorimetric–Enzymatic Determination of Glucose

To set up the method we followed the hexokinase/glucose-
6-phosphate dehydrogenase (HK/G6PDH) reaction using 
different concentrations of glucose dissolved in a biodiesel 
water extract on a Varian Cary Eclipse spectrofluorom-
eter (Fig. 1, 2, 3 reactions). A reaction mixture containing 
0.2 units/ml of HK, 0.1 units/ml of G6PDH, 1 mM ATP, 
100 µM NADP+, 5 mM MgCl2 in 2 ml of 100 mM Tris-
HCl buffer, pH 7.6, was prepared and the fluorescence 
intensity at 455 nm (excitation 335 nm) was followed for 
>100 s in order to obtain a reaction baseline. The glucose 
sample was then added and the fluorescence intensity was 
continuously monitored until the reading stabilized. The 
96-well format measurements were carried out using a 
Synergy 2 Multi-Mode microplate reader (BioTek) with 
reagent dispenser. The calibration curve and the samples 
to be analyzed (5 µl) were first diluted to 65 µl with H2O 
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on the wells. A mixture containing NADP+, ATP and the 
enzyme mix was then added to the wells (final volume 200 
μl) using the built-in dispenser of the plate reader and the 
initial fluorescence was measured immediately on each 
well.

For quantification of SG in biodiesel an aliquot of the 
reaction of TL in water:biodiesel medium is centrifuged 
and the water phase is recovered. Then the glucose released 
from the SG, which is quantitatively partitioned to the 
water phase, is quantified using the fluorometric assay 
described in the previous paragraph.

Enzymatic Hydrolysis of SG in Distilled and Commercial 
Crude Biodiesel

A fixed amount of purified SG dissolved in 3:1 THF:H2O 
was added to 10 ml distilled biodiesel free of SG. TL (10 µg 

Fig. 1  Schematic representation of the method presented. Enzymes used on each step are indicated on top of the reaction arrows. TL, beta-
glycosidase from Thermococcus litoralis; HK hexokinase (Sigma H5000). G6PDH glucose-6-phosphate dehydrogenase (Sigma G8529)
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Fig. 2  Typical reaction time courses for glucose quantification by 
NADPH fluorescence. Left reaction monitored on the plate reader. 
Right reaction monitored on the spectrofluorometer. In the right 
panel, the first arrow indicates the point where the aqueous extract 

of reacted treated biodiesel is added, and the second arrow marks the 
addition of the enzymes mix. The extracts produce a background sig-
nal that has to be subtracted from the final point to obtain an accurate 
estimate of the glucose in the mixture
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Fig. 3  Time course of the reaction of TL with SG. 100 ppm puri-
fied SG was added to distilled biodiesel and the reaction followed for 
6 h using the fluorometric assay described here. Error bars show the 
standard deviation of four independent assays
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equivalent to 0, 5 units/ml of biodiesel) was then added in 
1.5 ml 100 mM citrate buffer, pH 5.5, to the SG-spiked bio-
diesel sample and the mixture was thoroughly agitated at 
400 rpm in a VP 710 magnetic tumble stirrer (V&P Sci-
entific, San Diego, USA) at 65 °C, in order to maximize 
the water:biodiesel interface. The reaction was followed for 
6 h, taking samples at different intervals. The same proto-
col was followed for the hydrolysis of SG in commercial 
biodiesel, except that no additional SG was added.

SPE-GC-Based SG Determination

To determine the initial SG concentration by SPE-GC, ali-
quots of medium containing 2 g of biodiesel were spiked 
with 50 ppm of cholesteryl glucoside as internal standard 
and centrifuged to eliminate water. The biodiesel phase was 
transferred to a new tube, and residual SG from the inter-
face was extracted three times with 200 µl ethyl acetate, 
mixed with the biodiesel phase and evaporated to dryness 
under vacuum. SPE cartridges (Sep-Pak Vac Silica 6 cc, 
Waters, Milford, MA, USA) were conditioned with 2 ml 
of hexane, and samples were then quantitatively trans-
ferred. Adsorbed SG (including internal standard) was 
washed with 4 × 3 ml methyl tert-butyl ether (MTBE), 
and eluted with 4 × 3 ml MTBE:acetone 1:1. The eluted 
fractions were mixed and evaporated to dryness at 50 °C 
under nitrogen flux. Dried samples were redissolved with 
300 μL pyridine and derivatized with 300 μL N-methyl-
N-trimethylsilyltrifluoroacetamide (Sigma M7891). The 
vials were hermetically sealed and incubated at 70 °C for 
3 h. A 100-µl aliquot was diluted with 1 mL n-heptane, and 
then a 1 µl of the mixture was automatically injected into 
an Agilent 7890A gas chromatograph equipped with a tem-
perature programmable capillary injector and a flame ioni-
zation detector (FID). Peak separation was achieved with 
a capillary column, 15 m long, 0.32 mm internal diameter, 
and film thickness of 0.1 µm, with a 95 % dimethyl-5 % 
diphenyl-polysiloxane stationary phase (DB5-HT, J &W 
Scientific Folsom, CA, USA). The oven temperature pro-
gram was: 50 °C (1 min), 15 °C/min to 180 °C, 7 °C/min 
to 230 °C, and 10 °C/min to 370 °C. The final temperature 
was maintained for 15 min. The FID temperature was set to 
370 °C and the hydrogen pressure was fixed at 80 kPa. The 
carrier gas was hydrogen with pressure fixed at 80 kPa (col-
umn flow rate 113 ml/min). SG quantification was based 
on internal standard (cholesteryl glucoside) and a ratio of 
1:100 or higher in the peak areas was required.

Results and Discussion

The present method is based on the use of a thermo-
philic beta-glycosidase [22, 23] followed by glucose 

quantification. We recently cloned, purified, and char-
acterized TL, a broadly specific beta-glycosidase from 
TL. The enzyme catalyses the hydrolysis of the beta-
glycosidic bond between a carbohydrate and a non-
carbohydrate moiety and has a broad specificity for the 
aglycone part of the substrate [24]. Thus, the enzyme 
is well suited to carry out the release of glucose from 
SG for the current purpose. Quantification of SG is per-
formed in two steps. First, the sample is treated with TL 
in a heterogeneous water:biodiesel medium. After reac-
tion is complete, an aliquot is centrifuged and the lower 
phase recovered. Next, the glucose released from the 
SG, which was quantitatively partitioned to the water 
phase, is quantified through a fluorometric-enzymatic 
assay (Fig. 1).

We initially sought to set up a sensitive method to meas-
ure the glucose released by the reaction of TL with SG. The 
traditional colorimetric method based on glucose oxidase is 
not sensitive enough for the range of SG expected in bio-
diesel samples (4–275 ppm), and we further found interfer-
ence from unknown components in the water extract that 
led to irreproducible results [25]. Therefore we resorted 
to use the coupled reaction of HK with G6PDH that we 
found to be insensitive to the aforementioned interferences 
present in the biodiesel water extract [25]. In this reaction, 
one mole of NADPH is produced per mole of glucose in 
the sample, and the quantification can be obtained directly 
by measuring the absorbance of NADPH at 340 nm. Unfor-
tunately, for samples with SG content below 10 ppm (part 
per million) the expected increase in absorbance would be 
~0.09, a value that can be hardly used to obtain an accurate 
quantification. This problem may be a more serious one 
when using a microplate reading assay, where the optical 
path is usually shorter than 1 cm. We therefore decided to 
measure the fluorescence of NADPH at 460 nm upon exci-
tation at 360 nm, which provides a more sensitive measure-
ment of the extent of reaction.

Fluorescence measurements typically provide higher 
sensitivity, but are not absolute and require an adequate 
calibration. To set up the method we followed the reaction 
of different concentrations of glucose dissolved in a bio-
diesel water extract on a spectrofluorometer. First a reac-
tion mixture was prepared and the fluorescence intensity 
at 455 nm (excitation 335 nm) was followed for >100 s 
in order to obtain a reaction baseline. The glucose sam-
ple was then added and the fluorescence intensity was 
monitored in time until the reading stabilized (Fig. 2). 
Repeated experiments with different samples showed that 
the aqueous extract of biodiesel gives variable baseline 
fluorescence values, indicating that a direct reading of a 
final point will not be accurate. In order to circumvent this 
problem, we followed the time course of NADPH produc-
tion in each reaction. The difference in fluorescence values 
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between the starting point and the end of the reaction 
was proportional to the amount of glucose present in the 
sample. A calibration curve could be obtained by adding 
known amounts of glucose to an aqueous extract of bio-
diesel, and following the reaction time course in each case 
as previously explained.

We next determined the time required to obtain a 
complete hydrolysis of SG by TL in the heterogeneous 
medium. The reaction as described in methods section 
was followed for 6 h, taking samples at different intervals 
(Fig. 3). Measurement of glucose in the aqueous phase 
reaches a maximum at 2 h after starting the reaction. Com-
plete hydrolysis of SG extracted from foods was reported 
recently by Münger and Nyström using inulinase prepara-
tions [26]. The enzymatic hydrolysis is used in their work 
as a previous step to GC-FID in order to accurately deter-
mine the sterol profile of SG. Here, in contrast, we use the 
total amount of glucose released by the enzymatic hydroly-
sis to quantify the total amount of SG. In addition, to best 
of our knowledge, this is the first time that the complete 
enzymatic hydrolysis of SG is accomplished directly from 
biodiesel samples.

Finally we optimized the assay to measure glucose 
released from SG in a plate reader. We used a microplate 
reader with a reagent dispenser module to obtain multiple 
simultaneous readings and a glucose calibration curve on 
the same plate in one step. The calibration curve and the 
samples were aliquoted on the 96-well plates. Next, a mix-
ture containing the reaction mix was added to the wells 
using the built-in dispenser of the plate reader and the 
initial fluorescence was then measured immediately on 
each well. The time course was followed for 15 min, long 
enough to guarantee the completion of the reaction. The 
glucose concentration (and the corresponding SG amount) 
in each sample was then evaluated from the difference in 
the fluorescence values corresponding to the initial and the 
final point of the reaction (Fig. 2).

The dose–response curve for the developed method was 
validated on biodiesel samples supplemented with variable 
amounts of SG (Fig. 4). Enzymatic measurements were 
performed on four independent samples and the response 
was linear over the whole range assayed, up to 100 ppm 
SG. The lowest limit of quantification for the assay, esti-
mated as five times the standard deviation of the negative 
control values, is 3 ppm SG.

We finally compared the performance of our enzymatic 
assay with the well-established SPE-GC-based method [12, 
13]. For this purpose, parallel measurements of SG by SPE-
GC and by our enzymatic method in four samples (distilled 
biodiesel, distilled biodiesel spiked with 75 ppm purified 
SG and two biodiesel samples from local manufactur-
ers) were carried out. The enzymatic assay was performed 
as described above in the heterogeneous water:biodiesel 

medium. The SPE-GC assay was performed on biodiesel 
samples before and after treatment with TL, to evaluate if 
TL was capable of hydrolyzing the different classes of SG 
present in the samples (Fig. 5). No signal was observed in 
the chromatograms for any of the three major SG present in 
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the samples, namely campesteryl-glucoside, stigmasteryl-
glucoside and beta-sitosteryl-glucoside, showing that the 
amount of glucose released corresponds indeed to the total 
amount of SG present in the samples.

For comparison with the data obtained from the enzy-
matic assay, the outcome of the GC assay was converted 
into the equivalent SG concentrations in ppm (Table 1). The 
enzymatic method consistently gives higher values than the 
SPE-GC method for all samples. However, the method pre-
sented here estimates more accurately the amount of SG 
present in the spiked sample, containing a known amount 
of SG, suggesting that SPE-GC slightly underestimates the 
amount of SG in the samples. Despite these differences, the 
results of both measurements were in the same range, thus 
showing that our enzymatic method is reliable and can rep-
resent a simpler alternative to the standard assay.

Conclusions

We have described here a novel enzymatic assay to quan-
tify SG in biodiesel samples. The assay is sensitive and 
reproducible and it can be performed using low-cost instru-
mentation, in contrast to the GC/HPLC/MS analyses. We 
show that the assay functions in complex heterogeneous 
matrixes, as commercial crude biodiesel. The assay can 
be set up using a standard fluorometer but can also be 
performed in a plate reader, making it suitable for a high-
throughput format. Using the plate reader setup the SG 
content of 96 samples can be quantified in only 3–5 h, the 
time required for TL to fully hydrolyze the substrates. The 
enzymatic assay presented here will add a new tool to those 
available for quality control of biodiesel samples, and will 
be helpful in the development of improved biodiesel pro-
duction and purification procedures as well.
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