
ORIGINAL PAPER

Solvatochromic Effect in the Optical Spectra of Calcofluor
and its Relation to Fluorescent Staining of Yeast Cell Walls

Jaromír Plášek & Barbora Hošková

Received: 31 July 2009 /Accepted: 12 October 2009 /Published online: 31 October 2009
# Springer Science + Business Media, LLC 2009

Abstract Fluorescence spectral properties of calcofluor
(a popular stain used to visualize cell walls of bacteria,
yeast and fungi) has been studied. The analysis of
calcofluor fluorescence emission spectra measured in a
wide range of solvents (including media containing
chitin), and in yeast cell suspensions has revealed that
the solvatochromic properties of calcofluor ensue essen-
tially from the by solvent-solute hydrogen bonding, or
from the hydrogen bonding to cell wall polysaccharides
with an eventual contribution of calcofluor aggregation at
the cell surface. Preliminary data suggest that calcofluor
emission spectra can be employed as a practical marker
of variations in the quality of yeast cell wall.
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Introduction

Calcofluor has been used for nearly half a century as a
vital fluorescent stain enabling the rapid detection of
yeasts, fungi and parasitic organisms [1–5], often with the
aim to ensure their quantitative determination, e.g., [6]. It
is a member of the class of fluorescent whitening agents
(also known as optical brightening agents or fluorescent

whiteners) that is marketed under many different names1, see
also [7, 8] and references therein. For the most of its
published biomedical applications, calcofluor has been
purchased as Calcofluor White M2R (also known as, e.g.,
Fluorescent Brightener 28, see Scheme 1).

Some discrepancies in calcofluor identification exist,
which stem partly from the fact that the commercial
calcofluor products are available as either a disulfonic acid
(CAS registry number 4404-43-7; 4,4′-bis[6-anilino-4-bis-
(2-hydroxyethylamino)-1,3,5-triazin-2- ylamino]stilbene-
2,2′-disulpfonic acid), or its disodium, dipotassium, and
potassium sodium salts (their respective CAS registry
numbers being 4193-55-9, 70942-01-7, 71230-67-6,
respectively). Another identifiable difference between
calcofluor molecules from various sources consists in the
substituents attached to the triazine rings of this molecule. This
case can be illustrated with a calcofluor structure presented in
older literature [9], and two recent fluorescent brighteners
marketed as Calcofluor White, i.e., Calcofluor White RC
(CAS 16090-02-1), Calcofluor White MR (CAS 133-66-4).2

It should be noted here that Calcofluor White LD (CAS 87-
01-4) and Calcofluor White RW (CAS 96538-19-1) are
simple derivatives of coumarine. Thus their properties cannot
be compared with those of Calcofluor White M2R and
related products.

In contrast, the members of the latter group share a number
of key features. In particular, they contain sulfonate groups,
which makes these molecules to be well soluble in alkaline
aqueous media, owing to the electrostatic repulsion of
calcofluor anions. In practice, however, the actual solubility
of calcofluor may differ between the disulfonic acid forms and

2 Search for Product “calcofluor” on www.lookchem.com.

1 http://www.zarc.com/english/other_sprays/hazardous_chemicals/
2606-93-1.html.
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their salts [10]. A further similarity between different
calcofluor structures concerns the arrangement of hydrogen-
bond donors and acceptors. This aspect seems to be
extremely important because infrared spectra measured with
model hexopyranose polymers have implied that the high
affinity of calcofluor for polysaccharides is due to a hydrogen
bonding [11]. Regarding the UV-Vis absorption spectra of
calcofluor, it is shown in our paper that the above structural
variations in the triazine ring substituents do not play a
significant role. While the major properties of calcofluors are
practicaly independent of the variability in these substituents,
this variability may still be a culprit of some conflicting reports
on recommended staining protocols, as noted, e.g., in [12].

Varying degrees of specificity in calcofluor binding to
different polysaccharides were reported in existing literature.
In particular, calcofluor has often been incorrectly declared as a
cytochemical marker for chitin, see for example a recent
contribution to the benchmarking in yeast fluorescence
microscopy [13]. However, this common belief stems from
an indirect evidence only [9], such as (i) a correlation
between the localization of chitin in scar margins of
S. cerevisiae cell walls and maximum fluorescence intensity
emitted from these structures, (ii) the finding that fungal cells
treated with 10% potassium hydroxide (to whose action their
chitinous walls are somewhat resistant) can still be fluores-
cent upon staining with calcofluor, and (iii) the effect of
calcofluor staining on the rate of chitin polymerization in
growing G. lactis and S. cerevisiae cells if this dye s used at
high concentrations (>25 μM), [14, 15] and references
therein. On the other hand, a solid argument against the
calcofluor specificity for chitin is that a bright calcofluor
emission can be observed in the bud scars of Schizosacchar-
omyces pombe whose cell walls contain very little if any
chitin [16, 17]. Moreover, a strong affinity of calcofluor to
cellulose [18] and various β-glucans has also been reported,
e.g., [19–21]. Calcofluor-flow-injection analysis was even
applied for the quantitative determination of β-glucans, see
[22] and references therein.

A key aspect of the analysis of the optical properties of
calcofluor is the role of its stilbene moiety. Neither the
absorption nor fluorescence spectra of closely related bis
(triazinylamino)stilbene structures depend considerably on the

nature of a particular substituent in the triazine ring [23].
Therefore, no significant difference in fluorescence properties
is expected to exist between various chemical forms of
calcofluor. Typical absorption and emission spectra of
calcofluor in aqueous solutions can be found in [24]. These
spectra are quite broad. Thus, the walls of yeast cells stained
with calcofluor can fluoresce blue-white or apple-green,
depending on the filter combination used [5, 25, 26].

Though fluorescence emission spectra can provide valuable
insight into the nature of a fluorochrome microenvironment,
calcofluor studies dealing with this issue are rather rare.
Meadows used fluorescence spectroscopy to study the binding
of calcofluor to cellulose during the process of cell wall
regeneration in plant protoplasts [27]. Low-resolution fluores-
cence emission spectra of calcofluor in aqueous solutions and
butanol have been presented by Albani and Plancke, and
compared with those of calcofluor bound to human serum
albumin, cellulose and α1-acid glycoproteins [28–30]. Wood
measured both the absorption and fluorescence emission
spectra of calcofluor in pure water and alkaline carbonate
buffer, and has published spectral effects caused by the
binding of calcofluor to oat β-D-glucan [20]. The fluores-
cence emission spectrum of calcofluor bound to β-glucan has
also been published by Kim and Inglett [22]. They used in
their study β-glucan standards of several molecular weights
dissolved in phosphate buffers of different ionic strengths, but
have not specified the nature of specimen used to measure the
calcofluor emission spectrum. It is therefore difficult to
interpret a 4 nm shift of their spectrum relative to the data of
Wood. Since a very limited set of solvents have been used in
existing studies, it is difficult to interpret the solvatochromic
behaviour of this fluorochrome. In view of current lack of
spectral data on calcofluor fluorescence, this study is aimed at
obtaining concise information on its spectral response to
physico-chemical properties of fluorochrome microenviron-
ment, including the specific case of calcofluor bound to yeast
cell walls.

Experimental

Yeast strains and cell culturing

S. cerevisiaeUS 50–18C (MATα, PDR1-3, ura3, his1) and its
mutant AD1-3 (Δyor1::hisG, Δsnq2::hisG, Δpdr5::hisG)
have been used [31]. Yeast was pre-cultured in YEPG
medium (1% yeast extract, 1% bactopeptone, 2% glucose)
at 30°C for 24 h. A volume of 150 μl inoculum was added to
20 ml fresh YEPG medium and the main culture was grown
for different periods of time to reach the different growth
phases. The post-diauxic cells were harvested, and sus-
pended directly without any washing in either distilled water
or citrate-phosphate (CP) buffer of pH 7.8 to OD578=0.05.
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Scheme 1 Chemical structure of calcofluor: Fluorescent Brightener
28, CAS 4404-43-7
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Calcofluor solutions

Calcofluor was from Sigma-Aldrich (Fluorescent Brightener
28, Product # F3543). A stock solution (10−3M) was
prepared with distilled water of pH tuned to 10.9 using
NaOH, under which condition an electrostatic repulsion
between ionized calcofluor molecules boosts their solubility.
In neutral and acidic media this interaction is missing, and
thus the calcofluor solubility is much less. All other solvents,
except citrate-phosphate buffers, were of analytical grade.
Chitin from crab shells, practical grade, was from Sigma-
Aldrich; we used 1% (w/v) solution in citrate-phosphate
buffer (pH 7.3).

Absorption and fluorescence spectroscopy

Absorption spectra were measured with Lambda-12 (Perkin
Elmer) UV/Vis spectrophotometer using 1×1 cm quartz
cuvettes, and dye concentration of 2×10−5 M. Fluorescence
spectroscopy has been performed with Fluoromax 3
(Horiba Jobin-Yvon, USA) using disposable 1×1 cm UV-
grade fluorimetric cuvettes (Kartell spa, Italy), and 1×
10−6 M calcofluor solutions (apart from the spectra shown
in Fig. 3). The bandwidths used for the excitation and the
emission were 3 nm and 2 nm, respectively. Fluorescence
emission spectra of calcofluor solution were measured with
λexc=365 nm, which choice matches a typical excitation
mode used in the fluorescence microscopy of calcofluor
stained microorganisms. All emission spectra have been
corrected for the instrument spectral sensitivity.

Relative fluorescence intensities from different calco-
fluor solutions have also been corrected for the inner filter
effect, see e.g., [32], as follows: The optical densities of
analyzed calcofluor solutions, OD365, were determined for
λexc=365 nm, and used to assess relative intensities, Iexc

C,
of excitation light transmitted to the centre of sample
cuvette. Then, the experimental fluorescence intensities
were normalized with respect to corresponding Iexc

C values.
Finally, the above normalized fluorescence intensities have
been divided by the value of molar extinction coefficient,
ε365. In this way, the calcofluor fluorescence intensities
measured under various conditions have been converted to
a scale that reflects relative values of fluorescence quantum
yields.

The emission spectra of fluorescence from calcofluor
stained yeast cell

Calcofluor was added to yeast cell suspensions (OD578=
0.05) to a final concentration of 1×10−5 M. The binding of
calcofluor to yeast cell walls has been practically immedi-
ate. The cuvettes with stained cell suspensions were gently
shaken by hand before measuring fluorescence emission

spectra. To get pure calcofluor emission spectra from cells,
fluorescence from supernatant was measured and subtracted
from the overall emission. The cell suspensions have been
centrifuged directly in the fluorimetric cuvettes in which the
emission spectra of cell suspensions were measured. For
this purpose, a standard centrifuge tube holder designed for
the cylindrical tubes of 1.5 cm diameter has been used
without any adaptation. After centrifugation, the cuvettes
with samples were carefully transferred to the fluorimeter
without removing the pellet, and the spectra from the cell
supernatant measured.

Results and discussion

Absorption spectra of calcofluor aqueous solutions
and their pH-dependence

The calcofluor absorption spectra measured in CP buffers
of pH ε 6.4 exhibit a distinct absorption band located in a
near-UV region. The spectral maximum of this band shifts
slightly towards longer wavelengths on going from alkaline
media to the moderately acidic ones (λmax=331 nm at pH=
8.0, and 345 nm at pH=6.4). For CP buffers of pH≈ 7, the
maximum of near-UV band is found close to 348 nm,
which finding matches earlier data on calcofluor spectral
properties [24]. Upon increasing the acidity of calcofluor
solutions to pH<6, a new absorption band occurs that is
located around 410 nm, whose growth is accompanied by
the decrease of absorptivity of the near-UV band, Fig. 1.

The pH-dependent variations in calcofluor absorption
spectra are clearly illustrated in titration plots of molar
absorption coefficients measured at 340 nm and 410 nm,

Fig. 1 Absorption spectra of calcofluor solutions in citrate-phosphate
buffers. Black lines correspond to pH values of 7.80, 6.35, and 6.90
(the lower, middle, and uper curve, respectively); red line, pH 4.70;
dark red line, pH 3.04. Blue line represents the absorption spectrum of
calcofluor bound to chitin (1×10−5 M calcofluor and 1% w/v chitin
solution in CP buffer, pH 6.90)
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Fig. 2. On going from acidic to alkaline media, these plots
reveal a series of consecutive proton dissociation steps, in
which calcofluor molecule proceeds from its neutral form
(with two sulfonate groups fully protonated) to the
monoanionic, and finally to the dianionic one. An absorp-
tion band located around 410 nm, which is red-shifted
relative to the monomeric one, is a well-known attribute of
existence of collective energy levels of electrons in
aggregated supramolecular assemblies, for more informa-
tion on this phenomenon see, for example, [33].

Calcofluor ions present in alkaline solutions exhibit a
strong mutual electrostatic repulsion. This interaction,
which can counterbalance a hydrophobic attraction of the
solute, is evidently absent in the case of neutral molecules
existing in acidic media. Therefore, the possibility of
calcofluor aggregation must be taken into account when
dealing with the acidic calcofluor solutions. Note that a
direct evidence of the formation of aggregates can be
obtained if calcofluor stock solutions are injected to CP
buffers. While a clear stream of liquid leaves a pipette tip
during the injection of calcofluor solutions into alkaline CP
buffers (pH>7), their injection into acidic solvents (pH<4)
results in a hazy cloud, which is the effect of light scattering
by microscopic calcofluor precipitates. The onset of ε410
curve in Fig. 2 indicates that the formation of supramolecular
assemblies of calcofluor starts below pH≈6.

In contrast to this situation, calcofluor molecules in
alkaline CP buffers exist as perfectly soluble divalent
anions. Calcofluor absorption spectra with their first band
located around 331 nm (as found in CP buffers of pH close
to 8.0) seem to indicate such a monomeric state of the
solute. At intermediate pH values, calcofluor molecules will
reach series of pH-dependent equillibria between the
respective concentrations of divalent and monovalent

cations, or monovalent cations and neutral molecules. The
condition under which calcofluor molecules may exist
preferentially as the monovalent anions is very likely
revealed by a marked maximum in the ε340 titration curve
found around pH 7. Unfortunately, the onset of the light
absorption by aggregates, have varied considerably with the
concentration of calcofluor solution (data not shown).
Therefore, we do not attempt here to assess pKa values
for the protonation of calcofluor sulfonate groups.

Fluorescence emission spectra of calcofluor aqueous
solutions

Fluorescence emission spectra of calcofluor aqueous solu-
tion are shown in Fig. 3. Their pH-dependence is rather
modest compared to the corresponding absorption spectra.
The emission spectra of calcofluor solutions measured for
pH ranging from alkaline to mildly acidic values (pH>6.9)
are practically identical, apart from small differences within
the long-wavelength tail of the spectrum.

The fluorescence emission spectra of acidic calcofluor
solutions exhibit a clear shift towards longer wavelengths.
Besides, the above spectral changes are associated with a
marked increase in fluorescence intensity. The relative
fluorescence quantum yields in fresh calcofluor solutions of
pH 3.04 and pH 7.80 are 1.9 and 1.0, respectively. The red
shift of fluorescence emission spectra observed in acidic
media can again be plausibly interpreted as an attribute of the
formation of calcofluor aggregates. To learn how large the
spectral shifts due to calcofluor aggregation might be, we
measured fluorescence emission spectra from calcofluor

Fig. 2 The pH dependence of molar absorption coefficients of
calcofluor solutions in citrate-phosphate buffers. The values of molar
absorption coefficients measured at λ=340 nm and 410 nm are
marked with empty and full circles, respectively

Fig. 3 Fluorescence emission spectra of calcofluor solutions in
citrate-phosphate buffers (dye concentration 2×10−5 M, λexc=
365 nm). Gray, dark gray, and black line corresponds to pH 6.90,
7.80, and 3.04, respectively. Dark red line is the emission spectrum of
fluorescence from calcofluor microcrystals (the raw powder of
Fluorescent Brightener 28 from Sigma) suspended in hexane. The
relative intensity of the latter spectrum is not in scale with the spectra
from aqueous solutions
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microcrystals (as found in Fluorescent Brightener 28 powder
from Sigma) suspended distilled water. These spectra are
structureless, and extremely shifted towards longer wave-
lengths, λmax≈480 nm, compared to the fluorescence from
calcofluor monomers in alkaline solutions.

In acidic media that promote calcofluor aggregation, the
actual fluorescence emission spectra may depend consider-
ably on the history of a calcofluor solution. If acidic
calcofluor solutions are left to equilibrate for about 5–
15 min, the long wavelength part of the emission spectrum
will increase (data not shown). Upon shaking vigorously
such an equilibrated solution, which may partly re-dissolve
large supramolecular aggregates, the shape of its fluores-
cence emission spectrum becomes again similar to that one
typical of fresh solutions.

Solvatochromic behaviour of calcofluor fluorescence

If bound to polysaccharides, calcofluor exhibits fluores-
cence whose emission spectra are significantly different
from those found in simple aqueous solutions. This well-
known fact has usually been interpreted in terms of the
effects of polarity- and viscosity-dependent orientational
relaxation of Franck-Condon states, e.g., [20, 28–30]. To
verify whether these plain physical factors alone may
actually control the solvatochromic behaviour of calcofluor
fluorescence, we measured both the absorption and emis-
sion spectra of this fluorochrome in a series of solvents,
including polar aprotic solvents acetone and dimethyl
sulfoxide, polar protic solvents water and ethylene glycol,
and amphiprotic alcohols (methanol, ethanol, n-propanol,
isopropanol, n-butanol). In Fig. 4, the fluorescence emis-
sion spectra from calcofluor solutions in ethanol and

methanol are shown as examples, together with the
corresponding emission spectra of fluorescence from
calcofluor in both the neutral aqueous solutions and
chitin-containing solutions.

In all the non-aqueous slightly polar solvents we used,
the fluorescence emission spectra of calcofluor exhibit a
pronounced vibronic structure compared to the calcofluor
aqueous solutions. Such a difference is usually indicative of
less solvent relaxation around the fluorochrome excited
state than in the aqueous media [34]. The solvent-relaxation
controlled solvatochromic effects are adequately described
by Lippert-Mataga model, which predicts a linear depen-
dence between the Stokes shift (Δν) and so-called
orientational polarizability

$f ¼ "� 1

2"þ 1
� n2 � 1

2n2 þ 1
ð1Þ

where ε and n are the dielectric constant and refractive
index of a solvent [32, 35, 36].

For our set of solvents, the dielectric parameters of which
are summarized in Table 1, no significant linear relationship
has been found between the Stokes shift of calcofluor
fluorescence (assessed as a wavenumber difference between
the absorption maximum and the first vibronic peak of the
emission spectrum) and the orientational polarizability:

$v ¼ 6312� 7297$f ð2Þ
with n=9, R (the correlation coefficient)=0.247, and SE (the
standard error)=607. Furthermore, two correlation tests have
been performed (Pearson Product Moment and Spearman
Rank Order), which also indicated that there is no significant
correlation between Δf and Δv values (P>0.050).

The absence of a correlation between Δν and Δf values
suggests that the orientational polarization is not a major
factor controlling the magnitude of solvent-dependent
Stokes shift of calcofluor fluorescence. This is not a
surprising result, because the Lippert-Mataga theory treats
only long range dipolar interactions. Hence it is not
appropriate to systems with specific short range solute-
solvent interactions, including hydrogen bonding that
definitely take place in the alcoholic solutions of calcofluor.
Furthermore, it may be expected from the above theory that
the effect of orientational polarization should be low for
nonpolar molecules with high symmetry, such as anthracene
[36]. The actual solvatochromic behaviour of calcofluor
fluorescence is consistent with this expectation.

It is therefore necessary to analyze the likely role of
solvent-solute hydrogen bonding in the calcofluor solvato-
chromism. In this study, we have focused on calcofluor
absorption because the spectral range in which solvent-
dependent absorption maxima are found is more than three
fold larger than its fluorescence counterpart. Moreover, the

Fig. 4 Fluorescence emission spectra of calcofluor solutions in CP
buffer of pH 7.30 (black line), methanol (gray line), ethanol (dark
gray line), and 1.1% w/v aqueous solution of chitin (blue line). The
insert shows the spectra in ethanol, CP buffer and chitin solution as
normalized to unity at maximum. The concentration of calcofluor
solutions has been 2×10−5 M, λexc=365 nm
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absorption spectra reveal Franck-Condon states, free of
orientational polarization effects.

To date, there have been put forward a few quantitative
scales for hydrogen-bond acidity/basicity, amongst which
the Kamlet-Taft approach seems to be the most successful
[37]. Based on the averaging of multiple normalized solvent
effects on a variety of properties of many diverse types of
indicators, three scales of solvatochromic parameters, π*, α,
and β, have been constructed, which are to serve towards
correlation of solvent effects on many reaction rates,
equillibria, and spectroscopic properties through a schematic
equation of the form

XYZ ¼ XYZ0 þ sp*þ aa þ bb ð3Þ

The π* parameter measures the ability of the solvent to
stabilize the charge and/or the dipole of a solute by virtue of
dielectric effects [38, 39]. The α-scale represents the ability of
solvent to donate a proton into a solvent-to-solute hydrogen
bond, i.e., it measures a hydrogen-bond donor (HBD) acidity
[40]. The β scale of HBA (hydrogen-bond acceptor) basicity
quantifies the ability of solvents to accept a proton (donate an
electron pair) in a solute-to-solvent hydrogen bond [41]. The
values of solvatochromic parameters we have used in the
evaluation of calcofluor solvatochromism are presented in
Table 1, together with the apparent wavelengths of calcofluor
absorption maxima observed in individual solvents.

In Fig. 5, these solvatochromic parameters are plotted
against the actual wavenumbers of absorption maxima, νmax.
A clear distinction can be seen between two aprotic solvents
and the group including ethylene glycol and amphiprotic
alcohols, while the data for aqueous solutions are quite
singular. For ethylene glycol and alcohols, the actual νmax

values exhibit various degree of linear relationship to
individual Kamlet-Taft parameters, Eqs. 4a–4c.

vmax ¼ 30264:8� 2713:7p*

n ¼ 6;R ¼ 0:811; SE ¼ 418:2

ð4aÞ

vmax ¼ 35149:0� 7740:9a

n ¼ 6;R ¼ 0:898; SE ¼ 314:4

ð4bÞ

vmax ¼ 26136:3þ 3335:4b

n ¼ 6;R ¼ 0:959; SE ¼ 201:6

ð4cÞ

The above set of linear regressions indicates that the
solvatochromism of calcofluor absorption in ethylene
glycol and alcoholic solutions is satisfactorily measured
by the solvent β-scale basicity. Particulary, Eq. 4b suggests
that the calcofluor absorption spectra will shift towards
longer wavelengths if the hydrogen bonding of calcofluor to
its surroundings is dominated by the proton-donating ability
of this surroundings. As linear regressions to more complex
combinations of solvatochromic parameters are concerned,
they have provided negligible if any improvement compared
to a simple fit to he β-scale:

vmax ¼ 3148:3 8:51� 0:19a þ bð Þ
n ¼ 6;R ¼ 0:960; SE ¼ 206:8

ð5aÞ

vmax ¼ 3148:3 5:91þ 0:13p*þ 0:17a þ bð Þ
n ¼ 6;R ¼ 0:961; SE ¼ 249:0

ð5bÞ

Table 1 Solvent parameters and solvatochromic effect in calcofluor absorption spectra: ε, dielectric constant; n, index of refraction,
$f ¼ "�1

2"þ1 � n2�1
2n2þ1, orientational polarizability; π*,α, β, Kamlet-Taft parametersa; λmax, absorption maximum (nm)

Solvent ε n Δf π* α β λmax

Acetone 20.7 1.36 0.284 0.71 0.08 0.50 334

Dimethyl sulfoxide 47.2 1.48 0.263 1.00 0.00 0.76 360

Methanol 33.0 1.33 0.308 0.60 0.93 0.62 354

Ethanol 24.3 1.36 0.289 0.54 0.83 0.77 352

n-propanol 20.0 1.38 0.275 0.52 0.78 0.825b 345

2-propanol 18.3 1.38 0.272 0.48 0.76 0.95 341

n-butanol 17.0 1.40 0.262 0.47 0.79 0.88 342

Ethylene glycol 37.0 1.39 0.288 0.92 0.90 0.52 358

Water 80.0 1.33 0.321 1.09 1.17 0.18 336c

a data from [37]
b an interpolation between β values for ethanol and n-butanol, based on the analogy with known β2

H values for ethanol, n-propanol and n-butanol
as published in [47]
c measured in CP buffer of pH 7.8
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In literature, a report is available on the solvatochromic
behaviour of a close calcofluor analog—disodium 4,4′-bis
[4-methoxy-6- phenoxy-1,3,5-triazin-2-ylamino]stilbene-
2,2′-disulphonate (further called BTSD), which differs
moderately from calcofluor in the substituents attached to
the triazines of the bis(triazinylamino)stilbene moiety [42].
Since the set of alcoholic solvents used in the BTSD study
has been practically identical to our current choice (except
for 2-propanol), it is possible to compare the absorption
solvatochromic shifts in these two related dyes. The
correlation between wavenumbers of BTSD and calcofluor
solvent-dependent absorption maxima, denoted below as
νBTSD and νCF, respectively, is extremely strong:

vBTSD ¼ 1892:7þ 0:948 vCF;

n ¼ 5;R ¼ 0:995; SE ¼ 57:0

ð6Þ

Interestingly, for ethylene glycol and alcoholic solvents
the difference between the respective BTSD and calcofluor
absorption maxima is nearly solvent independent, and equal
to 413±57 cm−1. Therefore, the solvatochromic behaviour
of calcofluor appears to be a general feature of bis
(triazinylamino)stilbene structures, to which family both
calcofluor and BTSB belongs.

The simplest interpretation of the above findings is that
the solvatochromism of calcofluor solutions is considerably
affected by the hydrogen bonding ability of a solvent.
Considering the strong dependence of νmax on the basicity

of alcoholic solvents, it seems that the secondary amines of
calcofluor play a major role in this interaction as weak
proton donors. Unfortunately, it is not possible to under-
stand in depth the hydrogen bonding pattern around
calcofluor molecules in solutions without analysing the
cooperativity between four different amine sites, and/or
proton-acceptor behaviour of the triazine part of calcofluor
molecule. Such an analysis is far behind the scope of current
study since the hydrogen bonding between calcofluor and its
cell wall surroundings is likely to be controlled by a fixed
spatial distribution of proton donors and acceptors on
polysaccharides. Nevertheless, the study on solvatochromic
behaviour of calcofluor alcoholic solutions has revealed that
the orientational polarization alone cannot account for the
spectral effect in calcofluor fluorescence whenever hydrogen
bonds between calcofluor and its surroundings can be
formed. Obviously, the discrepancy between simplified
models based on the phenomenon of orientational polariza-
tion only and the actual properties of calcofluor fluorescence
can be even higher if calcofluor is allowed to aggregate.

As the aqueous solutions of calcofluor are concerned, the
situation might evidently become more complicated be-
cause the electronic states of calcofluor are influenced by
the presence of ionized sulfonate groups. This fact may
obviously account for the singular position of water data in
the solvatochromic diagrams of Fig. 5.

Fluorescence emission spectra from calcofluor bound
to chitin

The emission spectrum of fluorescence from calcofluor
bound to chitin is nearly identical with the spectra of
calcofluor bound to β-d-glucan [20]. At the same time, this
spectrum is very similar to those from the calcofluor
alcoholic solutions, Fig. 4, but shifted about 13 nm towards
longer wavelengths. In spite of this similarity in emission
spectra, the resultant value of Stokes shift (about 3,600 cm−1)
is much less than it has been found in calcofluor alcoholic
solutions because the absorption spectrum of chitin-bound
calcofluor is also shifted considerably towards longer wave-
lengths, Fig. 1. In view of both the weak correlation between
decreasing νCF of calcofluor absorption maxima and proton-
donating ability of solvents, α, and the evidence for the
binding of calcofluor to proton-donating hydroxy groups of
polysaccharides [11], we can assumed that the extreme long-
wavelength position of the chitin-bound calcofluor absorp-
tion spectrum results largely from such a hydrogen bonding.

Fluorescence emission spectra from calcofluor-stained yeast
cells

The measurement of calcofluor emission spectra from yeast
cells has been repeated twice, in different days and with

Fig. 5 The correlation between Kamlet-Taft parameters and calco-
fluor absorption maxima in the series of solvents (data from Table 1).
Solvents used: 1) dimethyl sulfoxide, 2) ethylene glycol, 3) methanol,
4) ethanol, 5) n-propanol, 6) n-butanol, 7) 2-propanol, 8) acetone, 9)
water. Kamlet-Tafte parameters: π*—squares/black line, α—triangles
down/red line, β—triangles up/blue line; the singular data for aqueous
solutions are shown in dark blue. Dash blue line—linear regression of
the β vs νmax dependence for solvents numbered from (2) to (7)
within the gray box. Gray circles—f(α, β) data that match Eq. 5a
(calculated according to the equation f(α, β)=1.3−0.19α + β, which
differs from exact linear regression result νmax/3148.3=8.51−0.19α +
β by a suitable constant only)
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different cell preparations. The major trends concerning the
difference between calcofluor emission spectra from various
yeast cell suspensions have been significantly reproducible.

A remarkable feature of the fluorescence from calcofluor
stained cell suspensions is a considerable dependence of its
emission spectra on the ionic strength of cell medium,
Fig. 6. If suspended in distilled water, calcofluor-stained
yeast cells emit fluorescence with structureless emission
bands whose maxima are close to those of the fluorescence
from calcofluor supramolecular aggregates, cf., Fig. 4. In
the particular case of US50-18C strain, the apparent
calcofluor emission band is practically identical with the
fluorescence from calcofluor microcrystals, Fig. 6. With
cells suspended in CP buffer (pH 7.9), the emission spectra
of calcofluor fluorescence are found in the wavelength
range that is characteristic of calcofluor bound to poly-
saccharides. Besides this, the emission from the cells of
AD1-3 mutant strain exhibits also a vibronic structure
similar to that one found in the fluorescence of chitin-bound
calcofluor.

The dependence of calcofluor fluorescence properties on
the ionic strength of cell medium indicates clearly that the
calcofluor binding to yeast cell walls is controlled to a large
extent by the surface charge of yeast cells. Note that in CP
buffers the yeast cells are negatively charged, with less
negative surface charge produced in acidic cell media
below pH5. Moreover, the negative surface charge of yeast
cells is inversely related to ionic strength of the cell
medium, due to a screening by counter-ions present in the
medium [43, 44].

The surface charge of yeast cells has been attributed to
mannosyl phosphate residues of a outer layer of cell wall

mannoproteins [45]. In addition to holding electric charge,
this protein-containing layer seems to affect strongly the
hydrophobicity of cells surface, see [46] and references
therein. No doubt, both the electric charge and hydropho-
bicity of cell surface are factors that can jointly control the
binding of calcofluor to yeast cell walls. Evidently, the rise
of negative surface charge will result in the formation of an
electrostatic barrier at the yeast cell surface. Because of this
barrier, calcofluor anions attracted to the hydrophobic cell
surface are hindered from passing further into an underlaid
inner layer of cell wall, in which polysaccharides are
localized. In these circumstances, we must take into
account that a significant part of calcofluor molecules
accumulated at the hydrophobic cell surface cannot bind to
cell-wall polysaccharides. Instead, they will tend to aggre-
gate if their local concentration is high enough. The
microcrystal-like character of calcofluor emission spectra
from US50-18C cells suspended in distilled water supports
strongly this hypothesis. In contrast, the similarity between
respective fluorescence emission spectra from calcofluor
bound yeast cells in CP buffer and to pure polysaccharides
indicates that if the surface charge yeast cells is screened by
cations from the medium, calcofluor can easily reach the
inner layer of polysaccharides. Then, it can bind to chitin
and glucan via hydrogen bonds; very likely with a
significant contribution of van der Waals forces mentioned
by Woods, see [21] and references therein.

In conclusion, a variable extent of calcofluor hydrogen-
bonding and calcofluor aggregation (both cell-specific and
medium-dependent) should be invoked as an explanation of
the character of fluorescence from calcofluor-stained yeast
cells rather than an oversimplified view based on a solvent-
solute orientational relaxation model. A significant differ-
ence between the calcofluor emission spectra from different
yeast strains, as illustrated by the two examples shown in
Fig. 6, is the subject of ongoing study.

Conclusion

The analysis of calcofluor fluorescence emission spectra
measured in a wide range of solvents has revealed that the
solvatochromic properties of calcofluor are controlled
largely by solvent-solute hydrogen bonding. The fluores-
cence emission spectra from plain calcofluor solutions
(including media containing chitin) have also been com-
pared with those from calcofluor-stained yeast cell suspen-
sions. This confrontation suggests that in the latter case the
fluorescence properties of calcofluor ensue essentially from
its hydrogen bonding to cell wall polysaccharides, with an
eventual contribution of its aggregation in the negatively
charged mannoprotein outer layer. Furthermore, the results
of preliminary spectrofluorimetric studies of calcofluor-

Fig. 6 Fluorescence emission spectra in calcofluor-stained cell
suspensions. US50-18C strain: red line and dark red line—cell
supension in CP buffer of pH 7.8 and distilled water, respectively,
MDR pump deficient mutant strain AD1-3: gray line and black line—
cell supension in CP buffer of pH 7.8 and distilled water, respectively.
The cells were diluted into suspensions to a final OD578=0.05, and
stained with 1×10−5M calcofluor
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stained yeast cells indicate that the emission spectra of
calcofluor fluorescence could be employed as a practical
marker of variations in the quality of yeast cell wall.
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