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Abstract Having a valid mathematical model for structure-
less emission band shapes is important when deconvoluting
fluorescence spectra of complex molecules. We propose a
new asymmetric model for emission spectra of five organic
molecules containing aromatic ring: catechol, coniferyl alco-
hol, hydroquinone, phenylalanine and tryptophan. For each
molecule, a series of emission spectra, varying in excita-
tion wavelength, were fitted with the new model as well as
with two other analytical expressions: log-normal, described
previously in the literature, and sigmoid-exponential. Their
deconvolution into two, three and four Gaussian compo-
nents was also performed, in order to estimate the number
of symmetric components needed to obtain a better fitting
quality than that of the asymmetric models. Four subtypes
of the new model, as well as the log-normal one, did not
differ significantly in their fitting errors, while the sigmoid-
exponential model showed a significantly worse fit. Spec-
tra of two mixtures: hydroquinone—coniferyl alcohol and
hydroquinone—tryptophan were deconvoluted into two asym-
metric and four Gaussian components. Positions of asym-
metric components of mixtures matched those of separate
molecules, while Gaussian did not. Component analysis of a
polymer molecule, lignin, was also performed. In this more
complex case asymmetric and Gaussian components also
grouped in alternating positions.
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Introduction

Fluorescence spectroscopy, as a very sensitive and infor-
mative method for characterization of simple and complex
molecules, has a wide application in both analytical and
diagnostic studies. The analysis of fluorescent spectra of
polymeric molecules is especially complex, since they may
contain different fluorophores or one fluorophore in vari-
ous microenvironments. Therefore, it is necessary to use
computer methods for numerical deconvolution of complex
emission spectra into individual components. In some of
these approaches, only the number of constituent compo-
nents was determined, or additionally their shapes revealed,
without a mathematical model that describes them analyti-
cally — like the parallel factor analysis [1, 2]. Therefore, it is
of crucial importance to use a valid mathematical model
of the emission spectrum of a fluorophore. Some of the
widely used analytical expressions describing the compo-
nents, such as Gaussian and Lorentzian, suffer from a basic
drawback. They are symmetric, contrary to the majority of
experimentally recorded emission spectra. Asymmetry is a
consequence of the fact that vibration force constants of the
ground and excited states are not the same. To our knowl-
edge, only few attempts to obtain analytical equation of a
fluorescence band shape can be found in the literature. Siano
and Metzler [3] proposed the log-normal distribution, as an
asymmetric model for the absorption spectra of the hydrox-
ypyridine derivatives in solution. Burstein and Emelyanenko
[4] used its mirror-symmetric form as a model for emission
spectra of different classes of organic fluorophores. Burstein
etal. [5] applied this model to deconvolute spectra of proteins
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containing tryptophan fluorophore in different microenviron-
ments.

In this study we propose a new model for the emission
spectrum of a fluorophore. We have applied the model to
five different molecules of great biological interest, all of
them containing aromatic ring: catechol, coniferyl alcohol,
hydroquinone, phenylalanine and tryptophan, and tested the
model on their two binary mixtures. All spectra were fit-
ted with two existing four-parametric models (log-normal
and sigmoid-exponential) and their fitting errors compared
to four versions of the new model, also containing four pa-
rameters. Simultaneously, we performed deconvolution of
spectra of these five molecular species into two, three and
four Gaussian components. This was done in order to de-
termine the required number of symmetric components for
which the deconvolution becomes more precise than that
using the asymmetric models. In addition, this parallel fit-
ting enabled us to compare the corresponding positions of
maxima of the asymmetric and symmetric (Gaussian) com-
ponents, as the excitation wavelength changed. This relation-
ship was studied for all five molecular species and their two
binary mixtures, as well as for a multifluorophore molecule,
poplar lignin, with the aim to test whether asymmetric mod-
els have advantages in deconvolution of fluorescence spectra
of complex molecules.

Materials and methods

Steady-state fluorescence spectroscopy. Fluorescence spec-
tra were collected using a Fluorolog-3 spectrofluorimeter
(Jobin Yvon Horiba, Paris, France) equipped with a 450 W
xenon lamp and a photomultiplier tube. The monofluo-
rophore compounds and poplar lignin were dissolved in
deionized water and in dioxane/water 9/1 (v/v), respectively,
in a 1-cm optical path length quartz cuvette. The slits on
the excitation and emission beams were fixed at four and
two nanometers respectively. The spectra were corrected for
dark counts. In each measurement, three scans with one-
second-integration time, were averaged. The emission spec-
trum of the solvent (water or dioxane/water) was subtracted.
All measurements were performed at controlled temperature
of 25°C by means of a Peltier element.

For each of the five molecular species studied, their two
binary mixtures, as well as the polymer, a series of emission
spectra were measured by varying excitation wavelengths
with 5 nm steps. In order to include all geometric characteris-
tics of an emission spectrum into modeling, initial excitation
wavelength was set in such a way that recording of emission
spectra started 30—40 nm before the sharp rise in emission.

Nonlinear fitting of all fluorescence spectra, for all nine
models, was performed using the Nelder-Mead simplex al-
gorithm implemented in Matlab 6.5.
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The model. Here we propose a new model describing the
shape of the emission band, intended primarily for impor-
tant biological molecules containing substituted benzene
ring

a 1
~ fib ) (explefo(d, A) — 1)’

F,

where F, stands for fluorescence intensity at wavelength A;
a, b, ¢ and d represent the model parameters, while f; and f>
may be either exponential or power functions of A. Depend-
ing on the choice for f; and f>, four versions of the model can
be distinguished: f; and f, exponential (conveniently marked
as ee); f; exponential, f, power (ep); f; power, f, exponential
(pe); f; and f> power (pp):

a 1
ee: Fi = exp(bA) exp(cexp(dr)) — 17 (1a)
F =2 ! : (1b)
P = exp(bL) exp(c(A)) — 1’
iF= 5 : : (1)
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Another four-parametric analytical expression, used pre-
viously to describe shapes of both absorption and emission
spectra of different molecular classes [4], is the log-normal
model (logn):

F;, = F,exp{—(n2/1n? p)
xI?[(1/a’ = 1/0)/(1/a’ — 1/x)]},
F, =0, forl<a

forA > a’

where F,, is the maximal intensity, p the spectral shape
asymmetry parameter, ¢’'—function limiting point and A,,—
wavelength at which a maximal fluorescence occurs. Since
our spectra were obtained as functions of A, we substituted
wavenumbers with wavelengths and original parameter a
with its reciprocal value a’. However, in order to match the
symbols for parameters with other four-parametric models,
the fit was performed with the following expression

F;, = aexp{—(In2/In’ b)
xI?[(1/c — 1/3)/(1/c — 1/d)]},
F, =0, fork<c

forA > c.
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However, not every four-parametric analytical expres-
sion, having a similarity in shape with the recorded spectra,
is suitable for modeling the monofluorophore fluorescence
emission band. To verify this, we also included an indepen-
dent four-parametric expression: sigmoid-exponential func-
tion (abbreviation for this model sgme):

1
F, = SgMEx(A) = a——————— exp(bi
»=S8MEx() = a7 +—cexp(dk)eXp( ),

F, representing again fluorescence intensity at wave-
length A; a, b, ¢ and d, the model parameters. In this model,
a well known sigmoid shape, Sg(1), is modified by multiply-
ing it with an exponential factor Ex(A ), forcing it to decay as
A increases.

The fact that all newly proposed expressions contain four
parameters allowed us to compare directly their mean square
fitting errors (per point):

_ 1 Y
2= ;wm — 3D, )

where N stands for the number of points in the spectrum,
ve(i) for the emission intensity of the ith spectral point and
¥¢(i) for value of the fitted curve in the same point.

Finally, we fitted all spectra with a sum of two, three and
four Gaussian components (model abbreviations: g2, g3 and

g4):
—(A — Aoi)?
<%>, n = 2, 3, 4.
O

1

Z\/_Gl

Since each Gaussian component could be described with
three parameters (A;, o; and Xy, — area, width and position,
respectively), total number of parameters for this model was
3n (six, nine and twelve), n being the number of compo-
nents. Therefore, it was not possible to compare mean fit-
ting errors of this deconvolution to four-parametric model
errors directly. However, we could get an insight into the
rate of fitting error reduction as n increases, by estimat-
ing the number of components at which this error was
smaller than the four-parametric model errors (“dimensional
saving”).

We used F-test to check the hypothesis of equality of
mean square errors between the following pairs of models
(all four-parametric): ep-logn, ep-sgme and logn-sgme, in-
put variances being summed for experimental points of all
spectra measured for each molecular species, divided by the
total number of points.

For each molecular species, as well as the studied mix-
tures and polymer, positions of component maxima, obtained
for a series of spectra with varying excitation wavelength,
were treated as random variables. In order to calculate an

approximate distribution of the probability density for po-
sitions of all the components, we constructed correspond-
ing histograms of component maxima positions. However,
since histogram profiles (positions and relative amplitudes of
histogram maxima) depended on the number of histogram
abscissa intervals, we calculated the corresponding approx-
imate probability density distribution by weighed averaging
of histogram values for a set of histograms, where inter-
val number varied 5, = 2, ..., hymax, Where hpmax defined
fineness of the analysis.

Results and discussion

Except in few cases, for each molecular species, an order of
models can be noticed, referring to their mean square fitting
errors and regardless of the excitation wavelength (Fig. 1).
In other words, error curves on each panel of Fig. 1 were
positioned in layers, without decussating. This circumstance
allowed us to sort the tested models, for each molecular
species, based on the series of their averaged fitting error
values over the used excitation wavelengths. Besides, errors
of models ee, ep, pe, pp and logn formed a band on ev-
ery panel of Fig. 1, and were therefore drawn with solid
lines, since they had similar values for a particular excita-
tion wavelength. However, of all the four-parametric mod-
els, sgme showed a significantly higher error, for all five
molecules. This result suggests that the number of model pa-
rameters itself is not a decisive factor in determining the pre-
cision of mathematical description of a fluorophore emission
spectrum. In other words, one cannot use any existing four-
parametric formula describing an asymmetric “sharp-rise-
slow-decay” process as an emission model. Mathematical
structure of the analytical expression of a model plays an im-
portant role in its ability to describe the underlying physical
processes.

Parallel to nonlinear fitting of the emission spectra with
the above-mentioned models, we performed deconvolution
of the spectra into Gaussian components (g2, g3, g4), al-
though they differ in the number of parameters from all the
others (six, nine, twelve, respectively). This was done in
order to determine the number of Gaussian components at
which the mean square fitting error falls below the errors
of models positioned within the band. As can be seen in
Fig. 1, for catehol, phenylalanine and tryptophan, this oc-
curred for g3 and g4, while for coniferyl alcohol and hydro-
quinone only for g4. Siano and Metzler [3] stated four rea-
sons why a systematic study of the shape of monofluorophore
spectra should be carried out. Accepting their argumentation,
we can only add that by using one of the asymmetric four-
parametric models, positioned within the described “error
band,” one acquires a considerable saving in the number of
dimensions of parametric space in which nonlinear fitting is
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Fig. 1 Mean square fitting errors (per point), calculated according to
(2), for nine models, applied to five monofluorophore molecules. For
each molecule, a series of spectra was fitted, differing in the excitation

performed. The extent of dimensional saving may be well
illustrated by the fact that in cases of catehol, phenylala-
nine and tryptophan, six-parametric g2 model was a worse
fit than the four-parametric “error band” models (ee, ep, pe,
pp and logn), while for coniferyl alcohol and hydroquinone
this extended even to the nine-parametric g3 model. This
further underlines importance of the choice of component
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analytical expression for deconvoluting complex emission
spectra.

Trying to reach a general assessment of a model efficacy
in describing emission band shapes for all analyzed molec-
ular species, we had to define some additional averaging of
the fitting errors. By modifying formula (2), if (A.,); and
(Aey)j denote the ith emission and jth excitation wavelength,
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respectively, expression for the mean square fitting error at
excitation wavelength (A.); can be written as

_ 1 &
2= ((e))) = 5 2O Cremis (o))

i=1

— Ye(em)is ) D)2,

while formula for the averaged square fitting error over all
excitation wavelengths, for a specific molecular species MSy,
k=1,...,5 and for a particular model MD;,1 =1, ...,9,
becomes

_ 1 M
20 (MSi, MDp) =~ ; 2((hex) )

1 M N
= 2 2 2 s Gemdis Grex)) = ye(Gramli- Gre) )Y

j=1i=1

where M stands for the number of excitation wave-
lengths. Since fluorescence intensity, and consequently
€2,,(M Sy, M D), for a particular molecular species, depend
on a number of factors (such as substance concentration,
system amplification, etc.), it is not possible to compare in-
termolecular fitting errors directly. Therefore, we calculated
relative values of these errors:

_ €240(MS;, MD

P2, = (M, MDy) = o0 MDY 3)

5 %, €24, (MSy, MDy)

These results are presented on Table 1.

Data in Table 1 allow us to arrange the four-para-
metric models as a series with ascending values of
re24,(MSi, MD,) for each molecular species. According to
the last right column, we performed this procedure for all
five molecular species, yielding the following order of mod-
els concerning their efficacies: ep, logn, ee, pp, pe, sgme.
However, although this particular order was established ac-

F ratio
-
»

o n

0

cat trypt conif hhn phe

Fig. 2 F-ratio of the mean square errors for some pairs of four-
parametric models: (o) ep vs. logn; (H) ep vs. sgme; (§) logn vs.
sgme. Critical F value is 1.132, marked with the horizontal solid line

cording to the results obtained in this work, one must bear
in mind that differences between errors among the “band”
models are not significant, as shown in Fig. 2 for ep vs. logn
as an example. Therefore, in case of repeated experiments
with these, or some other monofluorophore molecules, we
expect that alterations in the presented sequence might oc-
cur. However, a significantly greater error of the sgme model
could be expected again. Of all newly proposed models (ee,
ep, pe and pp), ep was chosen as the most efficient one
(Table 1, right column) to be compared with the remaining
four-parametric models (logn and sgme) in terms of error
significance. These results are presented in Fig. 2.

Mean square error of the sgme model was significantly
higher in comparison with both ep and logn models, while
there was no statistically significant difference between er-
rors of the ep and logn models.

At this point it is not clear whether, and to which extent,
analytical expression of the newly proposed model reflects
actual physical processes during the fluorescence emission.

Table 1 Relative mean square fitting errors, averaged over excitation wavelengths, calculated according to (3) for five molecular species and
nine tested models

Model Np* Catechol Tryptophane Coniferyl alc. Hydroquinone Phenylalanine Mean*
ee 4 0.8472 0.7560 0.5752 0.6944 0.9479 0.7641
ep 4 0.7291 0.7224 0.5328 0.6699 0.9427 0.7194
pe 4 1.0044 0.7650 0.6610 0.7355 0.9574 0.8246
pp 4 0.8972 0.7517 0.5909 0.6982 0.9494 0.7775
logn 4 0.8163 0.7153 0.5389 0.6501 0.9337 0.7309
sgme 4 2.2371 2.6292 3.1420 2.5640 1.2914 2.3727
g2 6 1.7907 1.5700 1.7388 1.5362 1.2588 1.5789
23 9 0.4587 0.5764 0.7357 0.8331 0.8879 0.6984
g4 12 0.2193 0.5140 0.4847 0.6187 0.8307 0.5335

*Errors from the five columns averaged over five molecular species.

#Number of parameters
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Related to this, it is not possible yet to establish any physical
meaning of the parameters involved in the model. However,
since expressions (la—1d) may be observed as a generaliza-
tion of the sum of a geometrical progression, one cannot
exclude that in future a deeper link could be established be-
tween these expressions or their modifications and a sum of
emission terms connected with the transitions to different
vibration levels.

Distributions of probability densities of component
positions, obtained by parallel deconvolution into two-
component Gaussian (g2) and two one-component asym-
metric models (logn and ep), for all five molecular species,
are presented in Fig. 3.

As can be seen, fitting with both asymmetric models (logn
and ep) resulted in nearly identical, very sharp probabil-
ity densities of component positions. Numerical values of
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Fig. 3 Approximate distributions of probability densities of compo-
nent positions for the five analyzed molecular species. Line marks: (- - -)
logn, (-.-) ep, (—) g2. Fineness of the analysis: nj m,x = 20. Distribu-
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tions for both asymmetric models (logn and ep) are almost identical and
sharp, allowing a precise determination of the emission maximum for
each molecule. Usually, Gaussian components are significantly shifted
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Table 2 Maxima of the probability density distributions, presented in Fig. 3, obtained by fitting of emission spectra
of the five analyzed monofluorophore molecular species, with two asymmetric models

Model Catechol Tryptophane Coniferyl alc. Hydroquinone Phenylalanine
ep 318.2 362.2 347.3 3335 283.8
logn 318.9 362.0 347.8 333.5 283.9

probability density maxima positions for asymmetric mod-
els are presented in Table 2.

Deconvolution into two Gaussian components showed a
significant shift of their probability density maxima from

the values obtained by fitting with the asymmetric models.
The only exception was phenylalanine. Since its emission
band shape is close to symmetric, one of the two Gaussian
components showed a tendency to position itself in the same
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xmax = 3395 361.6 nm
’:,T 12 3 5 E
s &
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& ) ;
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g g
E 8 c
o g 3
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Fig. 4 Upper left panel: Emission spectra of the binary mixture of
tryptophan and hydroquinone for excitation wavelengths in the range
250-275 nm with 5 nm step, higher emission intensities corresponding
to greater excitation wavelengths. Upper right panel: Result of decon-
volution of the emission spectrum obtained by excitation at 260 nm into

338.4 362.7 nm

fluorescence intensity (a. u.)

350 300 350 400 450
wavelength (nm)

two components defined by the ep model. Circles, measured spectra;

solid lines, separate components (thin) and their sum (thick) fitted to the

experimental data. Fitted component maxima (An,.x) are noted above

the curves. Analogous explanation is valid for the two lower panels,

presenting deconvolution using logn (right) and g4 (left) models
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region as the asymmetric ones. Even so, the corresponding
Gaussian probability density peak was much less sharp than
any of the two asymmetric peaks. Determining the location
of the probability density distribution peak, in case of asym-
metric models, may be comprehended as a new method for
measuring the wavelength of emission maximum of one-
fluorophore molecule. This approach is based on narrow and
sharp profiles of all the probability distributions obtained.
Moreover, it could be regarded as more precise than conven-

tional techniques used, which were usually performed by
detecting the maximum of one emission spectrum.
According to data presented in Fig. 3, two mixtures were
chosen to test the distributions of asymmetric vs. symmetric
component positions. The first mixture contained coniferyl
alcohol and hydroquinone, as their emission maxima are
mutually very close. The second consisted of tryptophan
and hydroquinone, having more distant emission maxima.
Since a monofluorophore molecule contains one fluorophore,
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Fig. 5 Approximate distributions of probability densities of compo-
nent positions for the binary mixture of coniferyl alcohol and hydro-
quinone (molar concentration ratio 4:1), as well as for the two corre-
sponding separate molecules. Line marks: (- - -) coniferyl alcohol, (-.-)
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hydroquinone, (—) mixture. Fineness of the analysis: np m,x = 10. Dis-
tributions of asymmetric component positions in case of mixture match
those for the separate molecules, while Gaussian do not
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position of its emission maximum does not depend on the ex-
citation wavelength. However, spectra of a multifluorophore
system, such as a mixture of two molecular species, vary
in a more complex manner when the excitation wavelength
is changing. Emission spectra, recorded from the mixture
of molecules with close positions of their separate emis-
sion bands, are usually characterized by only one maximum,
the position being dependent on the excitation wavelength
(visible in case of both tested mixtures). This phenomenon

is a consequence of the fact that the two fluorophores are
not evenly excited at different wavelengths. The mixture
of tryptophan and hydroquinone, as an example, is pre-
sented in Fig. 4, upper left panel. Without a numerical
method for spectral deconvolution, it would not be possi-
ble to identify the corresponding component positions. Al-
though all six spectra of this mixture were deconvoluted
into two ep, two logn and four Gaussian components, only
the spectrum excited at 260 nm is presented as an example
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Fig. 6 Approximate distributions of probability densities of compo-
nent positions for the binary mixture of tryptophan and hydroquinone
(molar concentration ratio 1:6) and for the two corresponding sepa-

rate molecules. Line marks: (- - -) tryptophan, (-.-) hydroquinone, (—)
mixture. Fineness of the analysis: njmax = 10
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Fig.7 Approximate 0.012 T
distributions of probability

densities of component positions

for poplar lignin. Emission

spectra were deconvoluted with 0.01
four-component g4 (- - -), and
three-component ep (-.-) and
logn (—) models. The emission
spectra were recorded by
excitation of lignin at different
wavelengths, in the range

360 nm—440 nm, with 5 nm step.
Most asymmetric and symmetric
components tended to group in
alternating positions, similar to
the examples presented on lower
panels of Figs 5 and 6.

0.008

0.006 |

probability density

0.004

0.002

(Fig. 4, upper right, lower right and lower left panels,
respectively).

Results of calculation of probability densities of com-
ponent positions for the mixture of coniferyl alcohol and
hydroquinone are presented in Fig. 5. In addition, the cor-
responding distributions for the two separate molecules
(hydroquinone and coniferyl alcohol) are overlaid with
them as a reference. By comparing the three panels of
Fig. 5, the advantage of asymmetric models over Gaus-
sian becomes obvious. There is a good match in max-
ima positions of the probability densities between each
asymmetric component in the mixture and the corre-
sponding molecular species fitted separately (two upper
panels). However, in case of the four-component Gaus-
sian deconvolution, this match is absent (lower panel of
Fig. 5).

This procedure was repeated for the second mixture—
tryptophan and hydroquinone, these two molecules having
more distant emission maxima than coniferyl alcohol and
hydroquinone. The results, presented in Fig. 6, are in ac-
cordance with those obtained for the first analyzed mixture,
favoring the asymmetric models.

In the above analyses we compared two-component asym-
metric with four-component Gaussian deconvolution results
because, according to the fitting errors presented in Fig. 1, ei-
ther one asymmetric or at least two Gaussian components are
needed to describe an emission band from one fluoropohore.
In more complex cases however, such as multicomponent
deconvolution of multifluorophore polymers, this numerical
relationship may be less strict. Namely, in such systems,

a Springer

420 440 460 480 500 520 540
component position (nm)

if a series of emission spectra with varying excitation wave-
length is being analyzed, the number of components used for
deconvolution may not necessarily be equal to the number of
wavelengths around which the components tend to group. In
most cases, the algorithm uses two Gussian components to
describe only the most excited fluorophore at that moment.
Such an example is presented in Fig. 7, where the probability
density distribution of component positions is shown in case
of poplar lignin, for the three-component ep and logn, as well
as four-component Gaussian deconvolution. Except for one
spectral region, here Gaussian and asymmetric components
also tended to group in alternating positions, extending the
regularity observed in case of the binary mixtures and five
separate molecular species.

Results presented in this work indicate that even in case of
simple emission spectra one cannot rely on the positions of
symmetric components for tentative fluorophore identifica-
tion. In complex cases, such as multifluorophore polymers,
they may be used only as an indicator of the discrete na-
ture of emission, or eventually assessment of the number of
fluorophores, only when corroborated by other experimen-
tal approaches [6]. Using correct asymmetric models may
mean a step forward in identifying the existing fluorophores
in complex molecules, but to which extent-remains to be
determined.
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