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a  b  s  t  r  a  c  t

The  specific  binding  of  the  fluorescent  dye  calcofluor  to  cereal  �-glucan  results  in  increased  fluorescence
intensity  of  the  formed  complex  and  is  in  use  for the  quantification  of  �-glucan  above  a  critical  molecular
weight  (MW)  by flow  injection  analysis.  In  this  study,  this  method  was  applied  in a fast  and  easy  batch
mode.  In order  to  emphasize  the  spectral  information  of  the  emission  spectra  of the  calcofluor/�-glucan
complexes,  derivative  signals  were  calculated.  A linear  relationship  was  found  between  the  amplitude
eywords:
ereal �-glucan
alcofluor
luorescence spectroscopy
ell culture

of  the  second  derivative  signals  and  the  �-glucan  concentration  between  0.1  and  0.4  �g/mL.  The  low
detection  limit  of this  new  method  (0.045  �g/mL)  enabled  its use  to  study  the  transport  of  cereal  �-
glucans  over  differentiated  Caco-2  cell  monolayers.  Additionally,  the  method  was applied  to quantify
�-glucan  in  arabinoxylan  samples,  which  correlated  well  with  data  by  an  enzyme  based  method.

© 2012 Elsevier Ltd. All rights reserved.

ptake simulation

. Introduction

Cereal �-d-glucans are linear mixed linked (1→3,1→4)  d-
lucose polymers (hereafter referred to as �-glucans), which are
f importance for a wide range of subject areas. They occur as
atural cell wall polysaccharides in a variety of cereals, with the
ighest contents found in barley and oat (Lazaridou, Biliaderis,

 Izydorczyk, 2007). Their ability to form viscous solutions in
ater can lead to undesired effects, e.g. in poultry feed production
here �-glucans may  decrease nutrient digestibility, and during

he brewing process where they may  cause filtration problems (Saki
t al., 2010). On the other hand, the ability of cereal �-glucan to
orm viscous solutions in the human small intestine is believed
o be related to their beneficial effects on serum cholesterol and
ostprandial blood glucose levels in human nutrition (AbuMweis,

ew, & Ames, 2010; Behall, Scholfield, & Hallfrisch, 2006; Hallfrisch,

cholfield, & Behall, 2003; Wolever et al., 2010; Wood et al., 1994).
n addition, cereal �-glucans have also been ascribed immune-

odulating properties (Murphy et al., 2008; Volman et al., 2010;

Abbreviations: DMEM,  Dulbecco’s modified eagle medium; TEER, transepithelial
lectrical resistance; FIA, flow injection analysis; RMSEC, root mean square error of
alibration; PCA, principal component analysis; AS, analytical signal, defined as the
um of the absolute amplitude values of the second derivatives of the fluorescence
mission spectra of the calcofluor/�-glucan complexes at 419, 433 and 448 nm;
EM, scanning electron microscopy; PBS, phosphate buffered saline; MW,  molecular
eight; Mw, weight average molecular weight.
∗ Corresponding author. Tel.: +47 64970175; fax: +47 64970333.

E-mail address: anne.rieder@nofima.no (A. Rieder).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.07.031
Yun, Estrada, Van Kessel, Park, & Laarveld, 2003). The potential
uptake of cereal �-glucans from the intestine is an important ques-
tion in the context of their possible immune-modulating effect.
Barley �-glucan labelled with fluorescein dichlorotriazine, which
covalently reacts with hydroxyl groups of �-glucan and also may
cross-link the �-glucan chains, has been detected in spleen, lymph
nodes and bone marrow of mice following oral administration
(Hong et al., 2004). However, this labelling may change the prop-
erties of the polymer and its bioavailability. Specific and highly
sensitive detection methods that do not require �-glucan deriva-
tization may  be helpful tools to investigate a possible uptake from
the intestine, but are currently lacking.

Due to their wide range of interest, various methods for �-
glucan quantification have been developed. The methods used
today are essentially based on two different principles, enzymatic
degradation of the �-glucan polymer (McCleary & Codd, 1991) or
specific binding of the fluorescent dye calcofluor to the �-glucan
chain (Wood, 1980). The necessary enzymes for cereal �-glucan
quantification are commercially available as a kit from Megazyme
(Megazyme International Ireland Ltd., Bray, Republic of Ireland).
Since the enzymatic method is based on quantification of gener-
ated glucose, extraction and purification of �-glucan from grain
and wort is necessary prior to the specific enzyme treatment, which
makes the method relatively time consuming. In addition sample
amounts of e.g. 500 mg barley flour are recommended for accurate

results. This is unproblematic for routine flour/grain analysis, but
it can be challenging for specific samples such as purity control of
arabinoxylan samples extracted from �-glucan rich grains that are
intended for specific biological tests. The other principal approach,

dx.doi.org/10.1016/j.carbpol.2012.07.031
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:anne.rieder@nofima.no
dx.doi.org/10.1016/j.carbpol.2012.07.031
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mploying the calcofluor dye, has been primarily applied to quan-
ify �-glucans in malt, wort and beer by the use of flow injection
nalysis (FIA) (Mekis, Pinter, & Bendek, 1987; Sendra, Carbonell,
osalbes, & Todo, 1989). The sample is injected into the reagent
tream and �-glucan binding to calcofluor results in an increased
uorescence intensity detected by a flow-through-cell fluorescence
pectrophotometer. Either peak height or peak area is used for
uantification by comparison with standard �-glucan solutions.
nly cereal �-glucans with molecular weight (MW)  above a criti-
al value are fully detected by all calcofluor based methods (Gomez,
avarro, Carbonell, & Sendra, 2000; Kim & Inglett, 2006). This crit-

cal value has been reported to depend on the ionic strength of the
easurement solution (Gomez et al., 2000; Kim & Inglett, 2006;
ood, 1980). If the measured samples contain �-glucan below a

ritical MW,  the �-glucan content of the sample will be underesti-
ated. However, since it is often the �-glucans with high MW that

re of interest due to their viscous properties this limitation is of
ess importance.

Kim, Inglett, & Liu (2008) have modified the calcofluor-FIA
ethod to be used in batch mode with a common fluorescence

pectrophotometer. Here the calcofluor solution is titrated with the
ample in the fluorescence spectrophotometer cuvette. The inte-
rated fluorescence intensity is plotted against the volume of added
ubstrate solution to obtain titration curves. Sample �-glucan con-
entrations are calculated by superimposing the titration curves
f unknown sample onto that of a known sample and using the
hift factor for �-glucan concentration calculation. The method
as reported to have good correlation with the standard enzy-
atic method. However, the necessity to record titration curves

dds to the time required for analysis of one sample. Schmitt and
ise (2009) have adapted the calcofluor method to a microplate

ormat. Samples and standards are pipetted into microplate wells
nd calcofluor solution is rapidly added to all wells directly prior to
uorescence reading on a fluorescence plate reader by the use of
n automatic multichannel pipettor. The method uses the emis-
ion at 420 nm of the calcofluor/�-glucan complex for �-glucan
uantification.

None of the above mentioned methods has been optimized for
he detection of low concentrations of cereal �-glucans. Based
n the lowest standard concentrations reported for the batch
ode titration and microplate format calcofluor methods, cereal
-glucan concentrations as low as 5 �g/mL (titration method) and
.5 �g/mL (microplate method) can be detected. This sensitivity is
oo low to make those methods suitable for investigating a possible
ptake of cereal �-glucans from the intestine. Based on the method
y Schmitt and Wise (2009) and Kim et al. (2008) we  have devel-
ped a technique for cereal �-glucan quantification with calcofluor
ye that employs the use of a common fluorescence spectropho-
ometer, but without the requirement to record sample titration
urves. The information in the whole emission spectra from 401 to
80 nm was used and combined with data analysis techniques to

mprove calibration. The method was applied to study the trans-
ort of cereal �-glucan preparations with different weight average
olecular weights (Mw) over differentiated Caco-2 cell monolayers

s an in vitro model of the intestinal epithelium and to determine
he amount of co-extracted �-glucan in presumably pure arabi-
oxylan samples.

. Materials and methods

.1. ˇ-glucan standards and carbohydrate samples
Cereal �-glucan standards of different Mw of 40, 123, 183,
45 and 359 kDa were obtained from Megazyme ((1,3)(1,4)-�-
lucan, molecular weight standards, Megazyme). A commercial
mers 90 (2012) 1564– 1572 1565

�-glucan standard for the calcofluor-FIA method (standard barley
�-glucan for calcofluor/CFA; Megazyme) was  used as a control for
the proposed new methodology. Arabinoxylan fractions AX Tyra
and AX Tyra L were purified from the Norwegian barley variety
Tyra and the �-glucan fraction BG Olve was  purified from the
Norwegian barley variety Olve as previously described (Knutsen
& Holtekjolen, 2007; Samuelsen, Rieder, Grimmer, Michaelsen, &
Knutsen, 2011). Carbohydrates were stored in a desiccator under
vacuum over di-phosphorus pentoxide to ensure complete dryness.
Stock solutions of 1 mg/mL  were prepared in distilled water by
incubation in a boiling water bath for 15 min. Dilutions to work-
ing strength (10 �g/mL) were prepared with distilled water. The
�-glucan content of the carbohydrate samples was determined by
an enzymatic procedure using a combined treatment with cellu-
lase (Megazyme) and �-d-glucosidase (Megazyme), followed by
incubation with GOPOD reagent (glucose assay kit, Megazyme) and
absorbance reading at 510 nm.

2.2. Reagent mixture preparation

Calcofluor was  obtained from Megazyme and dispersed in
100 mM  phosphate buffer pH 7 by stirring with a magnetic stir-
rer to a concentration of 100 �g/mL. Aliquots of the calcofluor
solution were kept frozen at −18 ◦C and a new tube was thawed
every day. calcofluor solutions were protected from light by alu-
minium foil throughout the preparation and experiments. Reagent
mixtures were prepared in microtubes by combining 200 �L 0.5 M
sodium phosphate solution pH 11, 50 �L 4.5 M NaCl solution,
500 �L serum free DMEM cell culture medium without phenol red,
and 0–40 �L �-glucan working strength solution (10 �g/mL) with
distilled water up to a total volume of 980 �L. The salt solution was
added to the reagent mixtures to ensure a high ionic strength of the
sample solution. High ionic strength has been reported to increase
fluorescence intensity and to decrease the critical molecular weight
below which the fluorescence of the calcofluor/�-glucan complex
decreases considerably (Gomez et al., 2000; Kim & Inglett, 2006;
Wood, 1980). For measurements of arabinoxylan solutions the cell
culture medium was replaced with distilled water. This replace-
ment did not affect the method. Directly before each measurement,
20 �L of calcofluor solution (100 �g/mL) was added to the sample
solution, the tube was vortexed and the content transferred to a
1 mL  quartz cuvette for front face fluorescence measurements. The
final concentrations were 100 mM sodium phosphate solution pH
11 and 225 mM NaCl. The calcofluor concentration in the cuvette
was  2 �g/mL and the concentrations of the �-glucan standards
ranged from 0.1 to 0.4 �g/mL.

2.3. Instrumentation and data analysis

Fluorescence measurements were collected with a Perkin
Elmer LS50B (Perkin Elmer Instruments LLC, Shelton, CT, USA)
fluorescence spectrophotometer equipped with a variable-angle
front-face accessory, to ensure that reflected light, scattered radia-
tion, and depolarization phenomena were minimized. The angle
of incidence, defined as the angle between the excitation beam
and the perpendicular to the cell surface, was about 30◦. Samples
were placed in a 1-mL quartz cell (2 mm optical path length), and
spectra were recorded at a set room temperature of 20 ◦C. Slits
at excitation and emission monochromators were set at 10 and
5 nm,  respectively. Acquisition speed was fixed at 500 nm/min, as
a compromise between noise in the spectra and collection time.
The excitation wavelength was  set at 360 nm.  Emission spectra

were recorded between 390 and 500 nm,  with wavelength incre-
ments of 0.5 nm.  The spectral region of interest was  401–480 nm.
All spectra were smoothed by the moving average method with a
segment of 21 data points. Their second derivatives were calculated
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y the Savitzky–Golay algorithm (Savitzky & Golay, 1964) with a
avelength increment of 1.5 nm and they were smoothed again,

n the same conditions as the spectra. The Unscrambler X software
ackage (CAMO PROCESS AS, Oslo, Norway) was employed for data
reatment and analysis. On each measurement day, two calcofluor
olution reference spectra were recorded and averaged. The sec-
nd derivative of this calcofluor reference was subtracted from the
econd derivatives of the spectra of the calcofluor/�-glucan com-
lexes obtained at the same day. For standard curve construction
n analytical signal (AS) was calculated as the sum of the abso-
ute amplitude values of the second derivatives of the fluorescence
mission spectra of the calcofluor/�-glucan complexes at 419, 433
nd 448 nm.  All samples were measured in duplicates. For the con-
truction of standard curves the spectra of the duplicates were
veraged before further processing, while arabinoxylan sample and
ell culture sample spectra were analysed without averaging.

.4. Cell cultures

Caco-2 cells (a gift from Professor Kirsten Sandvig, Norwe-
ian Radium Hospital) were grown in Dulbecco’s modified eagle
edium (DMEM) containing 10% heat inactivated fetal calf serum,

% non-essential amino acids, 100 U/mL penicillin and 100 mg/mL
treptomycin. The cells were maintained at 37 ◦C with 5% CO2 in

 humidified incubator. Cells were plated in 12-well plates at a
oncentration of 3.0 × 105 cells/mL on Millicell hanging cell cul-
ure inserts (Pore size 0.4 �m,  Millipore AS, Oslo, Norway). Medium
as changed three times per week for 2 weeks. Differentiation of

he cells was checked by scanning electron microscopy (SEM) and
easurement of transepithelial electrical resistance (TEER) with

 Millicell-ERS electrode (Millipore). TEER values were between
00 and 500 �cm2 after 2 weeks incubation and SEM (data not
hown) revealed the development of microvilli at the cell surfaces.
or transport experiments, cells were washed once with sterile PBS
nd the medium was replaced by serum free DMEM without phe-
ol red (1.3 mL  basolateral). Serum free DMEM was added to freeze
ried �-glucan aliquots to give concentrations of 1 mg/mL. The �-
lucan concentration was checked with the new calcofluor method
resented here before addition to the apical side of the cell-covered
lters in triplicates. Serum free DMEM without phenol red was
sed as a control. Fluorescein-dextran 10 kDa (Sigma Aldrich, St.
ouis, MO)  was added to the apical side of each filter at a concen-
ration of 1.85 mg/mL  as a control for unspecific transport across the
aco-2 monolayer. TEER was determined at the start of the exper-

ment and after 9 h incubation time. Aliquots of two times 100 �L
f the basolateral medium were assayed for fluorescein content in

 microplate fluorescence spectrophotometer (Fluorstar Optima,
MG  Labtech, Ortenberg, Germany) and two times 500 �L of the
asolateral medium were stored frozen for calcofluor fluorescence
easurements. If not otherwise stated, all cell culture solutions
ere obtained from Invitrogen (Carlstad, CA).

.5. Statistical analysis

The root mean square error of calibration (RMSEC) of the differ-
nt standard curves was calculated as follows:

MSEC =
√

(y − ŷ)2

n

here ŷ, predicted �-glucan concentration; y, known �-glucan con-

entration and n, number of independent measurements.

Along with R2, the RMSEC was used for model selection. The
MSEC is a measure of the calibration error and has the same unit
s the response, which makes it easy to interpret.
mers 90 (2012) 1564– 1572

Standard curves were validated on a test set of samples (25% of
all samples). The relative error of each prediction was calculated as
follows:

Relative error (%) = ŷ − y

y
×  100

The relative errors of the models were calculated as the
average of the absolute values of the relative errors for each
prediction. To test for significance of differences between the
actual and the predicted values, the average of the predic-
tions (experimental average) was compared with the actual
value for each concentration level. Significance testing was  per-
formed by t-test calculation at 95% confidence level. The limit
of detection, which describes the lowest concentration level
(or amount) of the target analyte that can be determined to
be statistically different from an analytical blank, was calcu-
lated according to the Clayton and Long–Winefordner criteria
(Clayton, Hines, & Elkins, 1987; Long & Winefordner, 1983).

Simple correlation analysis (Pearson correlation) of cell culture
data (TEER, fluorescein dextran and �-glucan concentration, �-
glucan molecular weight) was performed using Minitab (version
16; Minitab Inc., State College, PA, USA). Significant differences
were declared at p < 0.05. Principal component analysis (PCA) of
spectra obtained from the basolateral cell culture media was  con-
ducted on spectra subjected to second derivative treatment after
subtraction of the calcofluor spectrum with the Unscrambler soft-
ware package (CAMO PROCESS AS, Oslo, Norway).

3. Results and discussion

3.1. The use of second derivative emission spectra of the
calcofluor/ˇ-glucan complex improves calibration

A pre-experiment, testing the stability of the calcofluor/�-
glucan complex, was carried out by recording fluorescence
emission spectra 0, 1, 2 and 5 min  after preparation of the
calcofluor/�-glucan reagent mixture as described in Section 2.2.
During this storage time, no signs of intensity loss could be
observed.

The fluorescence emission spectra of calcofluor solutions as well
as calcofluor/�-glucan complexes prepared with the Mw = 359 kDa
�-glucan standard are shown in Fig. 1A. With increasing �-glucan
concentrations, the intensity of the fluorescence signal of the com-
plex increases and its characteristic double peak, which has been
previously reported under alkaline conditions (Wood, 1982; Kim &
Inglett, 2006), becomes more pronounced. The emission spectrum
of the calcofluor solution alone shows a broad maximum at approx-
imately 435 nm,  while the emission spectra of calcofluor/�-glucan
complexes present two  maxima at 422 and 442 nm.  The second
derivatives of the emission spectra of the complex were explored
in an attempt to emphasize the spectral information related to the
complex between calcofluor and �-glucan and diminish the contri-
bution of calcofluor. It should be noted that spectra may be treated
with any programme able to calculate the second derivative and
that most fluorescence spectrophotometers have pre-installed data
analyses software capable of doing this.

Fig. 1B shows the second derivatives of the spectra from Fig. 1A
with the spectrum of the pure calcofluor solution subtracted from
the spectra of the calcofluor/�-glucan complexes. Depending on
the �-glucan concentration, the minima at 419 and 448 nm and the
maximum at 433 nm all show larger absolute values. For �-glucan

quantification we  have defined the analytical signal (AS) based on
the second derivative emission spectra of the calcofluor-�-glucan
complex (pure calcofluor spectra subtracted) by summing up the
absolute signal values at 419, 433 and 448 nm.
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ig. 1. Fluorescence emission of calcofluor and calcofluor/�-glucan complexes prep
tandard. (A) Emission spectra and (B) second derivatives of the emission spectra fr

Existing quantification methods for �-glucan by calcofluor flu-
rescence either use the peak height at the first maximum of the
riginal spectra (in our experiment at 422 nm)  or the integrated
uorescence intensities over the whole emission range. Fig. 2A and

 shows the differences in peak heights at 422 nm of calcofluor
nd calcofluor/�-glucan complex spectra plotted against the con-
entrations of the Mw = 359 kDa �-glucan standard. Fig. 2A shows
ata obtained at one measurement day, while Fig. 2B shows all the
ata obtained from 11 different measurement days. The respective
S-values of the calcofluor/�-glucan complex spectra are plotted

gainst the concentrations of the Mw = 359 kDa standard in Fig. 2C
one day) and D (11 different days). Linear regression of the data
btained at the same day yielded a perfect straight line independent
f the use of peak height, integrated fluorescence intensity (data not
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ig. 2. Linear regression of the difference in fluorescence intensity at the first maximum
gainst  the concentration of the Mw = 359 kDa �-glucan standard for one (A) and 11 meas
he  second derivatives of calcofluor/�-glucan complex spectra against the concentration 
with different concentrations (0.1–0.4 �g/mL) of the Mw = 359 kDa cereal �-glucan
(calcofluor subtracted).

shown) or AS. However, as Fig. 2B and D illustrates there was  an
obvious day to day variation. The measurements were carried out
over a long time period and several �-glucan stock solutions had
to be prepared within this time. Later experiments by our group
have shown that the preparation of such small amounts (10 mL)
of relatively low concentrated (1 mg/mL) �-glucan stock solutions
with exact concentrations is difficult. The used stock solutions may
actually have varied slightly in �-glucan concentration explain-
ing a part of the day to day variation. Furthermore a part of the
observed day to day variation may  be due to aggregate formation

or changes in �-glucan conformation of the �-glucan stock solu-
tions resulting in less soluble �-glucan available for interaction
with calcofluor or small changes in specific interaction with cal-
cofluor. This argument is strengthened by the fact that we observed
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 of the original spectra (422 nm) of calcofluor and calcofluor/�-glucan complexes
urement days (B) and linear regression of the analytical signals (AS) obtained from
of the Mw = 359 kDa �-glucan standard for one (C) and 11 measurement days (D).
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Table 1
Enzymatically determined �-glucan content of the different �-glucan preparations.

�-Glucan preparation �-Glucan content based on dry weight [%]

40 kDa 83.9 ± 4.2
123 kDa 93.7 ± 1.4
183 kDa 93.5 ± 1.2
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245 kDa 81.5 ± 3.0
359 kDa 91.6 ± 1.7
BG  Olve 76.8 ± 2.5

isible aggregate formation in a commercial �-glucan standard for
IA with calcofluor from Megazyme one or two weeks after recon-
titution even though the standard was reconstituted according to
anufacturer’s instructions and it was claimed by the manufac-

urer that the solution would be stable for up to 3 months. To avoid
he necessity of measuring a standard curve each day linear regres-
ion of the data obtained at different days was conducted (Fig. 2B
nd D). Fig. 2B shows the standard curve of the Mw = 359 kDa stan-
ard based on the differences in peak height of the calcofluor and
alcofluor/�-glucan complex spectra. The standard curve has an
2 of 0.94 and a root mean square error of calibration (RMSEC) of
.027. However, a clear separation of the different �-glucan con-
entrations was not always possible. The R2 of a linear regression
ased on the AS-values (Fig. 2D) was with 0.97 slightly improved.
ig. 2D shows a clear separation of the different �-glucan concen-
rations, which is also reflected in a lower RMSEC of 0.017 compared
o the one of the model in Fig. 2B. Interestingly a calibration using

 linear regression based on the integrated fluorescence intensi-
ies of the same calcofluor/�-glucan complex spectra (with pure
alcofluor subtracted) yielded an R2 of 0.93 and a RMSEC of 0.029
regression not shown) and offered no improvement compared to
he calibration based on the peak height differences. Therefore the
S has been employed in the present work for all further standard
urves and �-glucan quantifications.

.2. Molecular weight dependence of the fluorescence intensity of
he calcofluor/ˇ-glucan complex

It has been suggested that �-glucan molecules with MW above
 critical value are fully detected by the calcofluor FIA method.
ence the fluorescence intensity of their complex with calcofluor

s thought independent of MW (Gomez et al., 2000; Kim & Inglett,
006). An investigation of cereal �-glucan standards with differ-
nt Mw with our new method revealed an apparent deviation from
hese previous reports. As shown in Fig. 3A not only the �-glucan
tandards with lower Mw (40 kDa, 123 kDa) but also two of the
-glucan standards with higher Mw (245 kDa and BG Olve, Mw

pproximately 600 kDa) showed a lower standard curve slope than
he bulk of the �-glucan standards with higher Mw. The standard
urve slopes in Fig. 3A were plotted under the assumption that
he �-glucan standards are 100% pure �-glucan. However, deter-

ination of the �-glucan content of the different standards by an
nzymatic method (as described in Section 2.1) revealed hetero-
eneity in �-glucan content amongst them (Table 1). The �-glucan
oncentrations in the standard curves were then subsequently
orrected for the actual �-glucan content of the different prepa-
ations. As shown in Fig. 3B the response curves of the �-glucan
reparations with higher Mw (Mw = 183 kDa and higher) became
ery similar after this correction. The slopes comparison test also
howed no significant difference (at a confidence level of 95%)
etween the standard curve slopes of the Mw = 359 kDa standard
nd the ones of the BG Olve and Mw = 245 kDa standard after cor-

ection for �-glucan content of the different �-glucan preparations.
orrection of the �-glucan content had, however, no profound
ffect on the low slopes of the Mw = 123 kDa and Mw = 40 kDa stan-
ard curves.
mers 90 (2012) 1564– 1572

The binding of calcofluor on �-glucan molecules has been
reported to be enhanced with higher salt concentrations (Wu,  Deng,
Tian, Wang, & Xie, 2008). The critical MW value, below which the
fluorescence intensity of the calcofluor/�-glucan complex becomes
weaker, has also been reported to depend on the ionic strength of
the substrate solution (Gomez et al., 2000; Kim & Inglett, 2006). The
critical MW value or range is not known but has been estimated
to be centred around degree of polymerization (DP) = 70 (corre-
sponding to 11 kg/mol) in high ionic strength buffer (0.17 M NaCl)
(Gomez et al., 2000). Kim and Inglett (2006) have also used cereal
�-glucan Mw standards from Megazyme to investigate molecular
weight dependence of fluorescence intensity of the calcofluor/�-
glucan complex. They showed superposition of titration curves of
�-glucan standards with Mw = 123, 183 and 359 kDa, but not 40 kDa
in 100 mM phosphate buffer with pH 10. This is in contrast to the
findings of our study in which also a lower fluorescence intensity
of the calcofluor/�-glucan complex formed with the Mw = 123 kDa
�-glucan standard was  evident. Even though all experiments in this
study were carried out in high ionic strength solution with pH 11,
the applied �-glucan concentration range was much lower than the
concentrations used in the above mentioned studies, which may
explain this difference. No significant difference could be observed
between the Mw = 359 kDa standard curve slope and the ones of the
Mw = 245 kDa, Mw = 183 kDa, Olve BG and FIA standard �-glucan
after correction for the actual �-glucan content in the different
standard preparations. This suggests that also for the low concen-
trations used in this study, there is a critical MW  value or MW range
above which the fluorescence intensity of the calcofluor/�-glucan
complex is only dependent on the �-glucan concentration. This
makes it possible to use a common standard curve for quantifi-
cation of the higher Mw �-glucan preparations used in this study.
Fig. 4 shows the common standard curve of all the �-glucan prepa-
rations with higher Mw. The R2 of this common standard curve
was  0.94, which is lower than that of the Mw = 359 kDa standard
alone (see Section 3.1; Fig. 2D). Accordingly, the RMSEC was with
0.0235 slightly higher than that of the Mw = 359 kDa standard curve.
This is not surprising since the common standard curve utilizes the
corrected �-glucan concentrations, which are based on the enzy-
matic measurement of �-glucan in the samples. Any imprecision
of the enzymatic quantification measurements will be added to the
imprecision of the calcofluor method. The limit of detection of the
common standard curve was 0.045 �g/mL according to the Clay-
ton criterion and 0.027 �g/mL according to the Long–Winefordner
criterion (Clayton et al., 1987; Long & Winefordner, 1983). Calcu-
lation of the limit of detection according to Clayton takes not only
type I errors (reporting an analyte as present, when it is not) but
also type II errors (reporting an analyte as not present, when it is)
into account, which explains the obtained higher detection limit
with the Clayton criterion compared to Long–Winefordner. The cal-
culated detection limits are approximately 100 times lower than
the lowest standard concentrations reported in previous methods
(Kim et al., 2008; Schmitt & Wise, 2009). The common standard
curve from Fig. 4 underestimates the �-glucan concentration of the
Mw = 123 kDa standard by approximately 35%. The concentration
of the Mw = 123 kDa standard in the cell culture supernatants (see
Section 3.5)  was  therefore determined by using a separate standard
curve solely based on this �-glucan preparation.

3.3. Validation of the obtained calibrations

For model validation a random test set of 25% of all measure-
ments (a total of 28 measurements for the common standard curve

and 11 for the Mw = 359 kDa standard curve) was excluded from
model calibration. The linear regression models fitted with the
remaining data were subsequently used to predict the test set data.
The relative errors of the predictions were calculated as stated in
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Fig. 3. Linear regression of the AS values calculated from the second derivatives of spectra of calcofluor/�-glucan complexes prepared with �-glucan preparations of different
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ection 2.5.  The average relative error of the common standard
urve was 9.9% while the Mw = 359 kDa standard curve exhibited a
elative error of 6.1%. For both approaches the predicted �-glucan
oncentrations were not significantly different (at a confidence
evel of 95%) from the corrected nominal concentrations. As seen
n Fig. 2B and D, there is a certain day to day variation of the new
ssay. More accurate results may  be obtained by recording a stan-
ard curve for each day, which is subsequently used to quantify all
amples measured at the same day. To assess the relative error of
his approach standard curves of the Mw = 359 kDa �-glucan stan-
ard were determined at 4 different days and a nominal �-glucan
oncentration of 0.25 �g/mL was used for predictions each day with

 relative error of 4.7%. However, if we assume that a part of the day
o day variation is due to changes in the �-glucan stock solution this
ariation may  underestimate the real error of the analysis.

.4. ˇ-Glucan quantification in arabinoxylan samples

The proposed, new quantification method was applied to deter-

ine the �-glucan content of two arabinoxylan samples extracted

rom the Norwegian barley variety Tyra. One of the samples,
X Tyra L, has been subjected to a lichenase treatment after
xtraction and purification to remove remaining �-glucan. The

ig. 4. Linear regression of the AS values calculated from the second derivatives
f  spectra of complexes of calcofluor with �-glucan preparations Mw = 183 kDa,
w = 245 kDa, Mw = 359 kDa, FIA standard �-glucan and BG Olve against corrected
-glucan concentrations.
ement days are plotted instead of all separate measurements for a clear presentation.
med. (B) The nominal �-glucan concentrations have been corrected for the actual

results from the new calcofluor method are compared with results
by an enzymatic method in Table 2. The results for AX Tyra are
15.1 and 16.7% �-glucan of dried material based on the calcofluor
and the common enzymatic method, respectively. This is quite
similar, while the �-glucan content for the lichenase treated sam-
ple, AX Tyra L, was  considerably lower with the calcofluor method
(0.24%), then with the enzymatic method (1.7%). This is probably
due to the fact that the calcofluor method only determines �-glucan
molecules of a certain size, above the critical MW value, while
the enzymatic method has no such restriction. Obviously lichenase
treatment did not result in complete degradation of �-glucan dur-
ing the isolation of arabinoxylan and the remaining fragments were
not completely removed during purification of the arabinoxylan.
Some of the fragments seem to be large enough for calcofluor detec-
tion, while others are only detected with the enzymatic method.
Nevertheless, the low amount of sample required for the proposed,
new calcofluor method makes it a highly attractive approach to
determine the content of co-extracted �-glucan or relatively large
�-glucan fragments in special samples like arabinoxylan prepa-
rations extracted from �-glucan rich cereals like barely that are
intended for special biological tests.

3.5. Transport of cereal ˇ-glucans across differentiated Caco-2
cell monolayers

The new calcofluor method was  further used to determine the
transport of cereal �-glucan preparations of different molecular
weight over differentiated Caco-2 cell monolayers. Differentiated
Caco-2 cell monolayers are often used as in vitro model for drug
transport and have been shown to yield similar drug permeabil-
ity coefficients for passive transport as those for human small

intestine in vivo (Artursson & Karlsson, 1991; Artursson, Palm, &
Luthman, 2001; Lennernas, Palm, Fagerholm, & Artursson, 1996).
The Mw = 123 kDa standard was  used as the �-glucan preparation
with lowest Mw for the cell experiment since the low response of

Table 2
�-Glucan contents in two arabinoxylan samples determined with an enzymatic
method and the proposed, new calcofluor method.

Sample �-Glucan content enzyme
method [% of dried
material]

�-Glucan content
calcofluor method [% of
dried material]

AX Tyra 16.70 ± 0.04 15.12 ± 0.03
AX Tyra L 1.7 ± 0.1 0.24 ± 0.006
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ig. 5. �-Glucan concentrations in basolateral media of differentiated Caco-2 cell
59  kDa and BG Olve with ca. 600 kDa). Each �-glucan preparation was added to 3

imit  are shown and data represent mean values ± standard deviation of duplicate m

he Mw = 40 kDa standard calcofluor/�-glucan complex resulted in
 much higher detection limit for this sample. The Mw = 359 kDa
tandard and BG Olve (approximately 600 kDa Mw) were used as
ereal �-glucan preparations of medium and high Mw, respectively.
ach �-glucan was added to 3 monolayers in 3 independent experi-
ents. During the 9 h incubation time no decrease in TEER over the

ell layers was detected. Only 4 of the total 33 differentiated mono-
ayers showed a TEER value below 300 �cm2 after sample addition,
robably due to disruption of the cell layer during washing or sam-
le addition. These 4 monolayers were excluded from all further
nalysis. Cereal �-glucan concentrations were determined in the
asolateral media in duplicate. For all control samples (apical addi-
ion of medium without �-glucan) and 11 of the cell layers exposed
o �-glucan, the basolateral �-glucan concentration was below the
imit of detection of the method (0.045 �g/mL). The results of the 13
ther samples are presented in Fig. 5. �-glucan could be detected on
he basolateral side of the Caco-2 cell layers after incubation with all
hree different �-glucan preparations. No correlation between the

w of the �-glucan preparation and the basolateral �-glucan con-
entration could be found. The concentrations varied considerably
mong the different monolayers independent of the week in which
he cell culture experiment had been performed. However, the
umber of monolayers with a basolateral �-glucan concentration
bove the limit of detection was highest for the Mw = 123 kDa stan-
ard, followed by Mw = 359 kDa and lowest for BG Olve, which also
ad the highest Mw. Correlation analysis of the cell culture samples
evealed no significant correlation between basolateral �-glucan
oncentration (if determinable) and TEER both at the beginning and
he end of the experiment. There was a weak but non-significant
orrelation between basolateral �-glucan and fluorescein dextran
oncentration (0.560; p = 0.059). Basolateral fluorescein dextran
oncentration was significantly correlated with TEER at beginning
nd end of the experiment both for the monolayers with �-glucan
oncentrations above the limit of detection and for all other sam-
les including controls.

The proposed, new calcofluor method enables the quantifica-

ion of cereal �-glucans with pre-determined Mw and molecular
istribution characteristics in cell culture samples above a con-
entration of 0.09 �g/mL (cell culture samples were diluted 1:1
uring the assay due to buffer addition as described in section 2.2)
 after 9 h incubation with cereal �-glucan preparations of different Mw (123 and
olayers (a–c) for each experiment week. Only concentrations above the detection
rements.

with little variation between parallels (see standard deviations in
Fig. 4). The reason for the varying basolateral �-glucan concen-
trations among the different monolayers is not known, but since
there was  no significant correlation between �-glucan concentra-
tion and TEER, and TEER values remained stable (above 300 �cm2)
throughout the experiment, the variation is unlikely to arise from
punctures in the cell layer. Fluorescent labelled dextran is a com-
mon  marker of paracellular transport across cell layers such as
differentiated Caco-2 cells (Neuhaus et al., 2006). The low and non-
significant correlations between �-glucan and fluorescein dextran
concentration and TEER and �-glucan concentrations indicate that
cereal �-glucans are probably not transported via the paracellular
route across intact Caco-2 cell layers. Considering their size, this
is not surprising. Instead, cereal �-glucans may  be transported via
transcytosis. Further experiments are needed to clarify the issue
of cereal �-glucan transport across Caco-2 cell monolayers as well
as the potential transport mechanism involved. The high amount
of monolayers with basolateral �-glucan concentrations below the
detection limit makes it difficult to draw conclusions regarding the
transport of cereal �-glucans over differentiated Caco-2 cell mono-
layers from the present data. Fig. 6A shows the score plot of PCA of
the second derivatives of spectra (401–480 nm)  of all cell culture
samples. The first pc which explains 97% of the total spectral vari-
ation separates the samples with �-glucan concentrations above
the limit of detection according to the �-glucan concentration. The
wavelength, which are most important for this separation can be
deducted from the loadings plot of the first pc in Fig. 6B. The high-
est positive loadings can be observed at wavelength 419 and 448,
while wavelength 404 and 433 contribute with the highest nega-
tive loadings. Except for the absolute values being opposite, which
is due to the PCA scores being negative for the samples with high-
est �-glucan concentration, the loadings for the first pc correspond
very well with the changes induced in the second derivatives of the
spectra with higher �-glucan concentrations (see Fig. 1B), which
form the base of the AS.

Even though the score plot does not show a completely clear

separation between the control samples and the �-glucan samples
with �-glucan concentrations below the limit of detection of the
new calcofluor method, the �-glucan samples are located more to
the left in the score plot. This indicates that those samples may
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Fig. 6. (A) Score plot of the two first principal components of PCA on spectra from the cell culture experiment (second derivatives, pure calcofluor spectra subtracted).
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:  Samples with �-glucan concentration above the detection limit (0.045 �g/mL)
asolateral �-glucan concentrations below the detection limit. (B) Loadings for the

ontain low concentrations of �-glucan. But the concentrations
re too low to be accurately quantified with the current method.
onger incubation times in combination with lower amounts of
asolateral medium may  increase the basolateral �-glucan concen-
rations above the limit of detection of the new calcofluor method
or a higher percentage of monolayers. This will potentially alle-
iate a final conclusion on the transport of cereal �-glucans over
ifferentiated Caco-2 cell monolayers.

. Conclusions

The new calcofluor batch method is a fast and easy method to
uantify cereal �-glucan in very low concentrations that requires
inimal sample amounts. No sample titration or the recording

f a daily standard curve is required and the limit of detection is
.045 �g/mL. Cereal �-glucans above a critical MW can be quanti-
ed with an average relative error of 10%. A common standard curve
an be constructed for cereal �-glucans above a critical MW after
he standards have been checked for their actual �-glucan contents.
he method was successfully applied to determine cereal �-glucan
ontent in special samples such as arabinoxylan preparations and
ell culture samples.
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