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Abstract

In previous analyses of colour impurities in processed sugar, a multi-way chemometric model, CANDECOMP-PARAFAC (CP),
has been used to model ¯uorescence excitation-emission landscapes of sugar samples. Four ¯uorescent components were found, two
of them tyrosine and tryptophan, correlating to important quality and process parameters. In this paper HPLC analyses are used to
chemically verify and extend the CP models of sugar. Thick juice, an intermediate in the sugar production, was analysed by size

exclusion HPLC. Tyrosine and tryptophan were con®rmed as constituents in thick juice. Colorants were found to be high molecular
weight compounds. Fluorescence landscapes on collected column fractions were modelled by the CP model and seven ¯uorophores
were resolved. Apart from tyrosine and tryptophan, four of the ¯uorophores were identi®ed as high molecular weight compounds,

three of them possible Maillard reaction polymers, whereas the seventh component resembled a polyphenolic compound. It is
concluded that the relevance of CP for mathematical separation of ¯uorescence landscapes has been justi®ed on two levels by
HPLC; ®rstly as a screening method of ¯uorophores in complex samples and secondly as a con®rmation of peak purity in chro-

matographic separation. # 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

White sugar produced industrially from sugar beet
contains minute traces of unwanted colorants. Extensive
research into the origin and development of the sugar
colorants has been carried out for many years (God-
shall, 1996). The earliest works date more than 130
years back (Scheibler, 1869). The fact that signi®cant
components have not yet been identi®ed re¯ects the
extreme complexity of the sugar streams as they occur
in the sugar factory. Approaches that use isolated
laboratory experiments tend to diverge from the natural
seasonal variations of the streams, whereby the ®ndings
become too specialised to have any practical value in the
real process streams at the factories. We have chosen a
new approach to reach conclusions that adapt to the

natural (co)variations of the constituents in the sugar
streams. With the use of exploratory data analysis, func-
tional components in the process streams are found by
soft adaptive modelling instead of using hard chemical
analysis to identify actual chemical substances (Munck,
Nùrgaard, Engelsen, Bro & Andersson, 1998). Advanced
multi-way models, such as the CANDECOMP-PAR-
AFAC (CP) model, can be used to decompose complex
excitation-emission ¯uorescence landscapes into excita-
tion and emission spectral pro®les of characteristic
components (Leurgans & Ross, 1992). Bro (1999) used
the CP model on ¯uorescence landscapes from 268
sugar samples collected from a factory during a sugar
campaign. A model with four ¯uorescent components
was found to capture the variation in that time period.
Two of them had pseudo-spectra, which showed a close
similarity to pure ¯uorescence spectra of tyrosine and
tryptophan. In addition, the concentrations of the four
components estimated from the sugar samples could be
correlated to several quality and process parameters.
Thus, the four ¯uorescent components found in the ®nal
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sugar product are considered as indicator substances of
the chemistry in the sugar process.
In the sugar process streams, there are several poten-

tial ¯uorophores. These include colour precursors such
as amino acids and polyphenolic compounds (Wolfbeis,
1985). Colour precursors can interact in colour forming
reactions such as amino acids with reducing sugars in
Maillard reactions or enzymatic oxidation of phenolic
compounds to form melanins (Godshall, Clarke, Dooley
& Blanco, 1991). Coloured Maillard reaction products
have been reported to exhibit ¯uorescence (Adhikari &
Tappel, 1973). One of the preferred methods for ana-
lysing colorants and colour precursors has been gel
permeation chromatography (GPC) since many of the
colorants are considered as high molecular weight com-
pounds (Madsen, Kofod Nielsen, Winstrùm-Olsen &
Nielsen, 1978; Reinefeld, Schneider, Westphal, Tesch &
Knackstedt, 1973; Shore, Broughton, Dutton & Sissons,
1984).
In this paper, we combine CP modelling of ¯uores-

cence excitation-emission landscapes with HPLC size
exclusion analysis. After separating the sample on the
column, collected fractions are measured as ¯uorescence
landscapes and modelled with the CP model. Thick
juice, an intermediate product from the sugar manu-
facturing process, is analysed instead of sugar since the
latter is too pure and not suitable for chromatographic
analysis. The purpose of the chromatography is two-
fold. It can be used to verify the identity of the mathe-
matically modelled ¯uorophores in sugar with peak
identi®cation. Also, the number of identi®able compo-
nents may be improved by the pre-separation of the
components on the column before the ¯uorescence
measurements. The pre-separation is used to reduce
quenching and other interactions in the complex sam-
ple, which in¯uences the ¯uorescence, and may violate
the assumptions made prior to application of the CP
model.

2. Materials and methods

2.1. Chemicals

l-tyrosine, l-tryptophan and l-phenylalanine were
purchased from Sigma (USA). The reagents for the
HPLC bu�er were obtained from Merck KGaA (Ger-
many). Water was distilled and deionized (Milli-Q,
Waters, USA). HPLC eluents were ®ltered and degassed
before use.

2.2. Samples

Beet sugar samples and beet sugar thick juice samples
were all provided by Danisco Sugar A/S, Denmark. Ten
thick juice samples from ®ve di�erent sugar factories,

two from each, were dissolved in water 1:500 (v/v) and
used to measure ¯uorescence landscapes. Five sugar
samples collected from one of the sugar factories were
prepared by dissolving 7 g sample in 15 ml water for the
¯uorescence measurements. For the HPLC analyses
thick juice samples from one of the ®ve factories was
prepared by diluting 100 ml thick juice with 100 ml 0.2 M
ammonium bu�er, pH=8.9 and 300 ml water. Due to
the high viscosity of the thick juice sample, a pipette
designed for viscous samples (Microman 250, Gilson,
USA) was used to take samples of the thick juice.

2.3. HPLC analyses

The HPLC size exclusion analyses were performed on
a Gilson system with a Gilson 170 UV±VIS diode array
detector (range: 210±550 nm) and a Jasco FP-920 ¯uor-
escence detector (excitation/emission wavelengths: 280/
325 nm). A Waters 250 Ultrahydrogel column (range 1±
80 kDa) was used equipped with a guard column of the
same material and thermostatted at 30�C. The mobile
phase consisted of 0.2 M ammonium bu�er (NH4Cl/
NH3), pH=8.9 and water (20:80 v/v) at a ¯ow rate of
0.5 ml/min. All sample solutions were ®ltered through a
0.22 mm hydrophilic PVDF membrane ®lter (Millipore,
USA) before injecting an aliquot of 100 ml onto the
column. In this publication, two representative HPLC
runs of thick juice were selected for ¯uorescence land-
scape measurements of 41 collected fractions of 750 ml
(1.5 min) from 10 to 71.5 min in each run.

2.4. Amino acid standards

Tyrosine and tryptophan were identi®ed by peak
identi®cation of spiked thick juice samples with amino
acid standards. The spiked thick juice samples were
prepared by mixing 50 ml thick juice and 100 ml 0.2 M
ammonium bu�er, pH=8.9 with 350 ml tyrosine solu-
tion (192 mg/l) or 350 ml tryptophan solution (43 mg/l).
The two amino acid solutions and a phenylalanine
solution (1.4 g/l) were used to establish the size exclu-
sion range of the column in a 1:2 (v/v) dilution with the
ammonium bu�er.
The ¯uorescence spectra of the tyrosine and trypto-

phan standards were measured with the same para-
meters as with the other samples using a tyrosine
concentration of 1.6 mg/l and a tryptophan concentration
of 0.3 mg/l.

2.5. Fluorescence landscape measurements

A Perkin±Elmer LS50 B ¯uorescence spectrometer
was used to measure ¯uorescence landscapes using
excitation wavelengths between 230±300 nm with 5 nm
intervals and 310±460 nm with 10 nm intervals. The
emission wavelength range was 288±700 nm. Excitation
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and emission monochromator slit widths were set to 10
nm, respectively. Scan speed was 1500 nm/min. A micro
quartz cuvette with the dimensions 5�5 mm was used to
avoid dilution and to reduce any concentration
quenching e�ects of the sample solution.

2.6. The CANDECOMP-PARAFAC model

The CANDECOMP-PARAFAC (CP) model was
proposed in 1970 (Carroll & Chang, 1970; Harshman,
1970) and ®ts the premises of ¯uorescence spectroscopy
for resolving pure excitation and emission spectra from
measured net signals of mixtures. To allow for a dis-
cussion of the CP model, we consider a ¯uorescence
data set with elements denoted by xijk, where xijk is the
intensity of the ith sample excited by light at the jth
excitation wavelength and measured at the kth emission
wavelength. The resulting data set thus spans a three-
dimensional table structure, where each entry represents
an observation that depends on discrete levels of the
three parameters, (sample number�excitation wave-
length�emission wavelength). The three-way data array
can be approximated by

xijk �
XF
f�1

aifbjfckf � eijk �1�

In (1) it is assumed that the measured net signal is a sum
of F individual contributors, or ¯uorophores. For
¯uorophore number f, aif is the concentration in the ith
sample, bjf is the relative amount of light absorbed at
excitation wavelength j, and ckf is the relative intensity
emitted at wavelength k. This tri-linear structure of the
light intensity model is similar to the tri-linear CP model
for which solution algorithms have been devised (see
Carroll & Chang, 1970; Harshman, 1970). Under the
assumption of tri-linearity in the signal/concentration
ratio and additivity of the intensities, the CP model
parameters will be estimates of the underlying excitation
spectra, i.e. the bjf parameters, and the emission spectra,
i.e. the ckf parameters of each of the f contributing
¯uorophores. However, based on the observations or a
priori knowledge, the task of de®ning the correct num-
ber of ¯uorophores, f, remains. The mathematical
uniqueness of the CP-model will provide parameters in
A, B and C of the individual ¯uorophores contributing
to the net signal. Not only will the parameter estimates
be unique to the individual ¯uorophores, but since the
fundamental mechanistic model of the net signal of a
single ¯uorophore is in exact accordance with the CP±
model for F=1, the resolved parameters will be relative
estimates of concentration level, excitation ability
(absorbance spectrum) and emission ability (emitted
spectrum).

Furthermore, the CP model allows for simultaneous
presence of many such single contributors to the overall
observed emitted intensity, xijk. Thus, by estimating the
CP parameters, the collection of net signal can be sepa-
rated mathematically into a number of characteristic
pro®les for each of the ¯uorophores/contributors. See
Leurgans and Ross (1992) for an in-depth discussion of
multi-linear models in spectroscopic contexts. For a
more thorough presentation of the model, the reader is
referred to a tutorial on the CP model (Bro, 1997).
The CP results have been obtained with the use of the

N-way Toolbox for MATLAB (Andersson & Bro, 1998)
running MATLAB 5.3 under Microsoft Windows NT 4
SP5 on a dual 450 MHz Intel PII Xeon PC. For the tri-
linear CP model to be valid, infeasible measurements
(i.e. Rayleigh scatter and emission wavelengths less than
excitation wavelengths) have to be treated as missing
values. To circumvent the scaling ambiguities of the CP
model and to enhance the interpretability of the model,
the pro®les were constrained to non-negativity while
minimising the sum of squared errors, i.e. the con-
strained model parameters were estimated from a total
least squares optimisation of Eq. (1).

3. Results and discussion

3.1. Fluorophores in sugar and thick juice

Since thick juice is used instead of sugar in the HPLC
separations, it is important to know the di�erences and
similarities between ¯uorophores found in sugar and in
thick juice. In addition, the changes in the properties of
an intermediate sugar product to the properties of the
®nal product can be useful, e.g. in process control.
The CP analysis on ¯uorescence landscapes of sugar

samples previously made by Bro (1999) was repeated by
making a CP model using ®ve sugar samples from
another sugar factory. In addition, ¯uorescence land-
scapes were measured on ten thick juice samples from
®ve di�erent sugar factories, two samples from each
factory, and modelled with the CP model. A four-com-
ponent model was generated from the sugar data and a
®ve-component model from the thick juice data. The CP
modelling estimates excitation and emission spectra of
measured ¯uorophores as well as a sample pro®le relat-
ing the concentration of each ¯uorophore in the samples
measured. Fig. 1 (rows 1±4) and Fig. 2 present the exci-
tation and emission spectra of the modelled components
in the sugar and thick juice samples, respectively. The
components are displayed in the same order as they are
modelled depending on their contribution in the sample
pro®le. The resolved spectra show reasonable spectral
shapes, but they are dependent on the appearance of the
measured ¯uorescence data and the premises of themodel.
Therefore some of the spectra may display artefacts such
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as extra bands in the emission spectra, e.g. the emission
spectrum of component 4 in Fig. 2. The excitation (1st
excited state) and emission wavelength maxima of the
spectra in Figs. 1 and 2 are presented in Table 1. The
shape and maxima of the emission spectra of the sugar
model in Fig. 1 are comparable to the previously mod-
elled spectra of the four-component sugar model by Bro
(1999). In Fig. 1 the excitation and emission spectra of
pure tyrosine and tryptophan standards are displayed in
rows 5 and 6, respectively. Comparing the spectra of the
two amino acids with the spectra of the modelled com-
ponents in Fig. 1, there is a close similarity between tyr-
osine and component 2 and between tryptophan and
component 1. The spectral pro®les of thick juice ¯uor-
ophores in Fig. 2 are consistent with the spectra of the
sugar components in Fig. 1, although there are some dif-
ferences in the pro®les. This is also evident by comparing
the excitation and emission maxima in Table 1. The
tyrosine-like ¯uorophore is component 1 in Fig. 2.
Component 2 in Fig. 2 resembles the tryptophan-like
component in Fig. 1, but the emission pro®le is shifted
towards lower wavelengths and a ®fth component (com-
ponent 3) is introduced in the thick juice model. The
spectral properties of the new component are close to
tryptophan. Thick juice contains much more impurities

than sugar and the ¯uorescence data is more di�cult to
model. If component 2 is tryptophan, component 3
might be another ¯uorophore or a tryptophan-derived
component with somewhat changed ¯uorescent proper-
ties, either of which a�ecting the estimated tryptophan
pro®le. Using a larger sample set, it will be possible
better to solve such ambiguities.
In the modelling of sugar and thick juice ¯uorescence

data, samples from several factories have been used. It is
found that sugar models from di�erent factories contain
the same four ¯uorophores, e.g. the similarity of the
modelled spectra of the ®ve sugar samples in Fig. 1 with
the previously modelled spectra from another factory
(Bro, 1999). Furthermore, the thick juice model in Fig. 2
was based on samples from ®ve di�erent sugar factories
and HPLC analyses made on the thick juice samples
from the ®ve factories all showed the same qualitative
chromatographic pattern. Therefore, the modelled
¯uorophores from the sugar and thick juice ¯uorescence
data are considered to be common constituents of sugar
and thick juice and not factory related.

3.2. Peak identi®cation using HPLC analyses

It is important to validate the results of the CP mod-
elling of ¯uorescence landscapes of sugar and thick
juice. When comparing the resolved pseudo-spectra

Fig. 1. The results of a four-component CP model of ¯uorescence

landscapes of ®ve beet sugar samples. Rows 1±4 contain the excitation

and emission spectra of the four resolved components. The left column

shows the excitation pro®les and the right column shows the emission

pro®les. Rows 5 and 6 show the ¯uorescence excitation and emission

spectra of pure tyrosine and pure tryptophan, respectively, for a com-

parison. All pro®les have been normalised to unit length.

Fig. 2. A ®ve-component CP model of ¯uorescence landscapes of 10

thick juice samples. The left column shows the resolved excitation

pro®les and the right column shows the resolved emission pro®les of

the ®ve components. All pro®les have been normalised to unit length.
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with pure spectra of tyrosine and tryptophan, a level of
uncertainty is involved due to the limited number of
samples as well as quenching and non-linearities in the
measured ¯uorescence data. Using chromatographic
peak identi®cation, it is possible to verify that the two
amino acids really are constituents of thick juice.
Drewnowska, Walerianczyk, Butwilowicz, Jarzebinski,
Fitak and Gajewska (1979) have previously estimated
the contents of tyrosine and tryptophan in thick juice
with the use of liquid chromatography. Fig. 3 shows a
HPLC size exclusion separation of one of the thick juice
samples before and after spiking the sample with the
two amino acids and monitored by ¯uorescence detector
set at 280/325 nm. The three chromatograms show good
overlap and the spiked peaks con®rm that the two
dominating components eluting at 25 and 42 min are
the free amino acids, tyrosine and tryptophan, respec-
tively. In addition, the identities of the peaks were con-
®rmed by comparison with chromatograms of amino

acid standards. The tyrosine and tryptophan peaks at 25
and 42 min were also found in the chromatograms of
the thick juice samples from the four other factories
used in the thick juice model. The corresponding diode
array scans of the two spiked peaks in Fig. 3 are also
displayed in the ®gure. The spectra are practically iden-
tical with pure spectra of tyrosine and tryptophan,
which is an additional certainty of the identi®cation of
the peaks.
It is di�cult to analyse the very pure sugar on a HPLC

system. However, the similarity of the spectral pro®les in
the sugar model with the thick juice model and the spectra
of the amino acid standards con®rm indirectly the identi-
®cation of the corresponding ¯uorophores.

3.3. HPLC size exclusion analyses of thick juice

When using a size exclusion column (range 1±80
kDa), it is possible to separate the thick juice samples
according to molecular weight. This can be used to
separate the colorants as high molecular weight com-
pounds from low molecular weight colour precursors.
The column dead time was determined to 12.4 min using
Blue Dextran 2000. The amino acid standards tyrosine
and phenylalanine were used to establish the end of the
size exclusion area of the column to 25 min. The fact
that tryptophan elutes at 42 min is probably caused by
adsorptive retention on the column. In Fig. 4 three
simultaneously recorded chromatograms of a thick juice
sample are shown. The two upper chromatograms are
captured from the diode array detector at 280 and 420
nm, whereas the lower chromatogram is from the ¯uor-
escence detector at 280/325 nm. 420 nm is the normal
wavelength chosen by the sugar industry to represent
colour. Many of the known components absorb at 280
nm (amino acids, polyphenols, Maillard reaction pro-
ducts, etc.), which is consistent with the multiple peaks
in the chromatogram. The 420 nm chromatogram, on
the other hand, shows a limited number of small peaks
in the beginning of the run between 15 and 25 min. The
estimated size exclusion range was approx. 12±25 min,
which means that the colorants are smaller than 80 kDa

Fig. 3. HPLC size exclusion chromatograms with qualitative standard

additions of tyrosine (1) and tryptophan (2) to thick juice monitored

by ¯uorescence detection at 285/325 nm. The chromatograms verify

the expected presence of tyrosine and tryptophan. The corresponding

UV/VIS absorbance spectra from the diode array scans of the two

peaks are also displayed.

Table 1

The excitation and emission maxima of the modeled spectra of sugar, thick juice and HPLC fractions of thick juice

Componenta Sugarlmax (nm) Thick juicelmax (nm) HPLC fractions of thick juicelmax (nm)

Excitation Emission Excitation Emission Excitation Emission

1 275 350 275 305 275 305

2 275 305 275 340 275 360

3 310 400 280 370 375 460

4 350 450 380 455 340 440

5 ± ± 335 420 385 460

6 ± ± ± ± 290 400

7 ± ± ± ± 290 330

a The component numbers correspond to the row numbers given in Figs. 1, 2 and 6 for each of the three CP models.
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but extend the range down to 1 kDa. Colorants have
been estimated to 5 kDa in white beet sugars, though
for some sugars up to 40 kDa, and in molasses colorants
up to 50 kDa have been found (Godshall et al., 1991).
Their ®ndings agree well with the range of the colorants
in thick juice separated on the HPLC column. Apart
from the two very dominating peaks at 25 and 42 min
identi®ed as tyrosine and tryptophan, the ¯uorescence
chromatogram in Fig. 4 also shows a number of smaller
peaks in the colorants area in the ®rst 25 min.
A few selected diode array scans with very di�erent

spectral appearance are also displayed in Fig. 4. Apart
from con®rming the ®ndings in the chromatograms, the
diode array absorbance spectra can provide more detailed
information for the identi®cation of the components in
thick juice. The absorbance spectra of peaks 1 and 2 are
identical to the displayed spectra of corresponding peaks
in Fig. 3. The spectra of peak 3 reveals that the highest
molecular weight colorants absorb light up to 500 nm,
which is consistent with the golden-orange appearance of
the thick juice sample. Peaks 4±6 display di�erent spec-
tra mainly absorbing at 280±300 nm where peaks 4 and
5 appear to be composed of multiple components. The
displayed spectra demonstrate the complexity of the
thick juice sample and the fact that the separation of
thick juice on the HPLC size exclusion column is insuf-
®cient to separate the colorants in thick juice.

3.4. A CP model of ¯uorescence landscapes of HPLC
fractions of thick juice

To improve the CP model of thick juice as well as the
HPLC separation, 41 fractions of 1.5 min (10±71.5 min)

were collected during the HPLC separation shown in
Fig. 4. A ¯uorescence landscape was recorded of each
fraction by o�-line measurements in a scanning spec-
tro¯uorometer. In Fig. 5 the ¯uorescence landscape of
fraction 9 serves as an example of such a landscape.
There are clearly multiple overlapping ¯uorescent peaks
in the landscape and a resolution method is required.
The 41 landscapes form a three-dimensional data array
consisting of the 41 fractions in the ®rst dimension, 31
excitation wavelengths (230±460 nm) in the second
dimension, and 431 emission wavelengths (288±700 nm)
in the third dimension. The array was modelled by the
three-way CP model and seven components were found.
The modelling results are shown in Fig. 6. Each com-
ponent is represented by the estimated excitation and
emission spectra as well as a chromatographic pro®le,
which shows the concentration of each component in
the 41 collected fractions. The excitation and emission
maxima of the seven components are presented in Table
1. The spectral shapes in Fig. 6 are all reasonable. Again
extra bands appear in some of the emission spectra. The
¯uorescence landscape of fraction 9 in Fig. 5 demon-
strate that a large part of the landscape has to be treated
as missing values due to ®rst and second order Rayleigh
scattering (Bro, 1999). In the estimations of these areas,
extra bands may appear depending on the condition of
the ¯uorescence data. Components 1 and 2 in Fig. 6 are
recognised as the two modelled components tyrosine
and tryptophan, which are also found in the sugar and
thick juice models (Figs. 1 and 2). In the corresponding
chromatographic pro®les in Fig. 6 the two components
show two dominant peaks in fraction 10 (23.5±25 min)
and fraction 21 (40±41.5 min), respectively, which are
consistent with the position of the spiked peaks in the
¯uorescence chromatogram in Fig. 3. The chromato-
graphic pro®le of tryptophan in row 2 in Fig. 6 also
shows contributions in fractions 3±12 similar to the
small peaks displayed in the ¯uorescence chromatogram
in Fig. 4. Tyrosine, on the other hand, is only found in
fractions 9±11. Tryptophan has very distinct ¯uorescent
properties, which are kept intact even as a functional
group in a larger molecule, whereas tyrosine loses the
¯uorescent properties very easily. For example, in pro-
teins the ¯uorescence is dominated by the tryptophan
residue (Lakowicz, 1983). The fact that the tryptophan
¯uorophore is modelled in the higher molecular weight
fractions in the chromatographic pro®le could be due to
tryptophan residues behaving as individual ¯uor-
ophores in polymers. This demonstrates that the chro-
matographic pro®le from a CP model can be used as a
mathematical puri®cation of the overlapping peaks in a
chromatogram, provided that the assumptions of line-
arity and additivity of the model hold. The area of the
chromatogram from 15±25 min with many overlapping
peaks in Fig. 4 is simpli®ed by the CP model and more
information can be obtained.

Fig. 4. HPLC size exclusion chromatograms of a thick juice sample.

Upper curve: UV detection at 280 nm; middle curve: UV detection at

420 nm; bottom curve: ¯uorescence detection at 280/325 nm. Diode-

array spectra of selected peaks (3±6) are also displayed. The spectra of

peaks 1 and 2 are identical with the spectra of the corresponding tyr-

osine and tryptophan peaks in Fig. 3.

118 D. Baunsgaard et al. / Food Chemistry 70 (2000) 113±121



Components 3±5 in Fig. 6 are very similar in their
spectral shapes and position of the emission spectra.
They are modelled as three individual components
because of the di�erences in the excitation and chroma-
tographic pro®les. It can be argued that they are part of
the same group of ¯uorophores, but are resolved indi-
vidually due to small di�erences in molecular sizes and/
or small di�erences in the ¯uorophore environments.
The size exclusion on the HPLC column is not good
enough in the high molecular weight area and a more
re®ned fraction collection is necessary to obtain a
clearer separation. This is supported by the chromato-
gram at 280 nm in Fig. 4, where there is only one peak
at 20±23 min. The three components (3±5) in Fig. 6 have
excitation pro®les that reach into the visible area above
400 nm, which implies that they contribute to the col-
orants in thick juice. They are all found in the ®rst frac-
tions of the chromatographic pro®les and are thus high
molecular weight compounds. The spectral character-
istics of these colorants resemble conjugated Schi� bases
derived from malonaldehyde and amino acids as repor-
ted by Chio and Tappel (1969). The authors ascribed the
absorption and ¯uorescence properties of the Schi�
bases to the chromophoric system ÿN�CÿC�CÿNÿ.
Pongor, Ulrich, Bencsath, and Cerami (1984) isolated a
¯uorophore from a product of a browning reaction of
polypeptideswith glucose, which show similar ¯uorescence

spectra. The structure of the isolated ¯uorophore con-
tained a conjugated system of nitrogen and carbon in an
imidazole derivative. Similar compounds isolated from
real samples in the sugar processing have not been
reported, but quantitative elementary analysis on high
molecular weight fractions from GPC separations of
thick juice showed an element ratio of carbon and
nitrogen as 7:1, which indicated that amino acids were
built into the high molecular weight fractions (Madsen,
Kofod Nielsen & Winstrùm-Olsen, 1978). All this sug-
gests that some or all of components 3±5 are colorant
polymers formed during the sugar processing in Mail-
lard reactions involving amino acids and reducing
sugars.
Component 6 in Fig. 6 is also a high molecular weight

compound with contributions in the ®rst fractions in the
chromatographic pro®le. The emission spectrum is in
the visible area, but the excitation spectrum is well
below 400 nm and the component is therefore not a
colorant. The component is similar to component 3 in
the sugar model in Fig. 1 and partly comparable to
component 5 in the thick juice model in Fig. 2. At pre-
sent the component is not associated with any known
¯uorophore.
Component 7 in Fig. 6 is the only component not

comparable to any component in the sugar model in
Fig. 1. This component may be the reason that the

Fig. 5. An example of a ¯uorescence landscape from HPLC fraction no. 9 (22±23.5 min) of thick juice measured with 31 excitation wavelengths

(230±460 nm) and 431 emission wavelengths (288±700 nm). The blank regions hold Rayleigh scatter signals and are thus treated as missing values.
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tryptophan component is not estimated as clearly in the
thick juice model (Fig. 2) as in the sugar model (Fig. 1),
since it has spectral properties close to tryptophan. Its
concentration is low in thick juice and therefore the CP
model of the 10 thick juice samples in Fig. 2 could not
resolve it. Pre-separation on the column made it possi-
ble to measure the ¯uorescence of component 7 without
interference like concentration quenching from other
¯uorophores in thick juice. The component contributes
only slightly in the ®rst fractions when looking at the
chromatographic pro®le in Fig. 6, but is spread over
several of the later fractions with a dominant peak in
fraction 13 (28±29.5 min), which indicates either a low
molecular weight compound or a compound with high
column a�nity. The excitation and emission pro®les of
this component are suggesting a ¯uorophore with a
polyphenolic group (Duggan, Bowman, Brodie &
Udenfriend, 1957).

4. Conclusion

It is possible to capture the same ¯uorescent infor-
mation from the CP models of ¯uorescence landscapes

of sugar samples and thick juice samples. Four principal
components are resolved from the sugar model, where
two of them have spectra similar to tyrosine and trypto-
phan. The tyrosine component is also found in the ®ve-
component thick juice model, whereas the estimation of
the tryptophan component is less certain due to the more
complex sample. However, the presence of the two
amino acids in the thick juice model is veri®ed by HPLC
peak identi®cation, which also con®rms the spectral
identi®cation of the model components. The HPLC size
exclusion separation of thick juice further con®rms that
the ¯uorescent colorants, which are found in the CP
analysis of the sugar and thick juice samples, are high
molecular weight compounds. Landscape measurements
on HPLC collected fractions of thick juice are success-
fully modelled and seven components are found. The
resolved chromatographic pro®le of the model can be
used as a mathematical puri®cation of the not perfectly
separated chromatogram. Two of the seven modelled
components are identi®ed as the free amino acids, tyr-
osine and tryptophan, but the latter also appears in
higher molecular weight fractions in the chromato-
graphic pro®le implying intact tryptophan residues in
polymers. Four out of the seven modelled components

Fig. 6. The results of a seven-component CP model of the measured ¯uorescence landscapes of 41 collected HPLC fractions (10±71.5 min). The left-

most column holds the chromatographic pro®les, which show the concentration of each of the seven ¯uorescent components in the fractions. The

centre column holds the excitation pro®les and the right-most column holds the emission pro®les of the ¯uorophores. All pro®les have been nor-

malised to unit length.
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are identi®ed as high molecular weight components;
three of them are suggested to be Maillard reaction
polymers of amino acid origin with di�erent molecular
weights. The seventh component is of low concentration
and has a spectral appearance of a polyphenolic-like
compound. It is important to improve further the
¯uorescence information of the sugar streams by mod-
elling a larger data material to improve the CP model
estimations, and it is currently in progress. Future
research will also include CP models of ¯uorescence data
from samples taken throughout the sugar process to
increase the information of the origin and development
of the ¯uorophores in the sugar streams.
Thus, this paper demonstrates the usefulness of

mathematical deconvolution by the CP model of ¯uor-
escence data from complex sample matrices as well as
for peak purity evaluation in chromatography.
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