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Abstract: The spectral behaviour of calcein. a water-soluble self-quenching molecule that is oken used as a marker in 
biomedical analysis. can be considerably affected by the presence of surfactants. The aim of this work was to investigate 
the spectral properties of calcein under conditions that are particularly significant in liposome studies. For this purpose 
the fluorcscencc and absorbance of this dye were determined in solutions of ionic and non-ionic surfactants 
(cetyltrimethylammonium bromide. sodium dodecyl sulphate and Triton X-100). at different concentrations below and 
above their critical micelle concentrations (c.m.c.) as well as in the presence of phospholipids in the form of liposomes 
and/or mixed micelles. Cationic surfactants induced changes in A,,;,,, absorbance and fluorescence but these changes were 
less noticeable in rhc phospholipid dispersions. The anionic and the non-ionic surfactants induced mainly changes in 
fluorescence intensity. 
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Introduction 

Quantitative determinations of fluorescent 
probes with self-quenching properties are often 
used for the evaluation of stability and entrap- 
ment capacity of liposomes [l, 21. Often these 
measurements are carried out in the presence 
of surfactants that can be used for different 

phospholipids in the form of vesicles; and 
phospholipids and surfactants (vesicles and 
mixed micelles). 

Materials and Methods 

purposes, such as vesicle preparation [3], 
release of the probes from the aggregated 
structures and complete rupture of liposomes 
[4-61; furthermore, surfactants can be included 
in cosmetic formulations containing liposomes. 

It has already been pointed out that the 
spectral behaviour of fluorescent dyes can be 
affected by the presence of surfactants [7, 81 
and the observed effects have been related to 
the interaction between micelles and dye 
molecules [9]. 

Crystalline calcein was purchased from 
Sigma. Enriched soya phosphatidylcholine 
(90% pure; phospholipon 90, Nattermann 
Phospholipids GmbH; P90) was employed for 
vesicle preparations because this product leads 
to liposomes that were previously studied [13] 
and that are sufficiently stable without the 
addition of other substances (e.g. cholesterol) 
that can interfere with the determinations. 
Triton X-100, sodium dodecyl sulphate (SDS), 
cetyltrimethylammonium bromide (CTAB), 
all other surfactants and products used for the 
present investigation were of analytical grade. 

This paper reports the fluorescence and A HEPES buffer solution (pH 7.5; lo-” M), 
absorbance behaviour of calcein [ 101, a water- prepared with freshly distilled and de-aerated 
soluble self-quenching molecule often used as a water, was used as the solvent. In most cases, 
marker in liposome studies [l I] and also for measurements were repeated in distilled water 
investigations on membrane properties [ 121. for an appropriate comparison. 
Experiments were performed in the presence The absorbance was determined with a 
of: ionic and non-ionic surfactants at different Perkin Elmer Lambda 3A spectrophotometer 
concentrations (below and above their c.m.c.); equipped with lo-mm quartz cells. Fluor- 
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escence measurements were carried out by 
means of a Perkin Elmer LS5 spectrofluoro- 
meter whose signal was appropriately attenu- 
ated with a filter in order to use the same 
sample employed for absorbance deter- 
minations. Calcein absorbance and fluor- 
escence were determined at a fixed dye con- 
centration in order to avoid the variations of 
the absorption spectrum that are related to its 
concentration; therefore the value of IO-’ M 
(i.e. just before self-quenching) was chosen 
[14]. The turbidity was evaluated with the same 
LS5 instrument, by setting both excitation and 
emission wavelengths at 600 nm. Sonication 
was performed with a Soniprep 150 apparatus 
(MSE, Crowley) equipped with an exponential 
probe, operating at 23 kHz and an amplitude 
of 6 km. 

from measurements of Sudan III solubility at 
25°C in HEPES or in water solutions contain- 
ing increasing amounts of the detergents. Dye 
concentrations were determined from the 
absorbance value of the tested solutions at the 
appropriate wavelength. The same exper- 
iments were performed in the presence of P90. 

All reported data represent the mean values 
obtained from at least three separate exper- 
iments that always presented good repro- 
ducibility. 

Results and Discussion 

Vesicles containing calcein were prepared 
according to the following procedure. An 
exactly weighed amount of P90 was completely 
dissolved in 4-5 ml of methanol. The solvent 
was evaporated under vacuum to form a thin 
film of phospholipids; calcein (10-s M) in 
HEPES buffer was then added and the mixture 
was gently shaken for 1 h. Sonication was 
finally carried out, under a nitrogen stream, for 
40 min (8 times for 5 min). The temperature 
was maintained at 15-20°C by means of a 
water-bath. Liposome dispersions were then 
diluted with the lo-’ M calcein solution con- 
taining the calculated amount of surfactant to 
obtain, as previously described [ 131, the final 
phospholipid concentration of 0.3 mg ml-‘. 
The same procedure was carried out for the 
preparation of the reference liposome dis- 
persions without calcein. 

A preliminary determination of the c.m.c. 
for CTAB, SDS and Triton X-100 indicated 
that for the non-ionic surfactant its value is the 
same in water, in HEPES and in the presence 
of P90. Both anionic and cationic surfactants 
showed, as expected, lower c.m.c. values in the 
buffer solution as well as in the phospholipid 
dispersion (Table 1). Moreover, in the 
presence of phospholipids the term ‘critical 
micellar concentration’ is to be considered less 
significant because of the presence of lipo- 
somes and/or mixed micelles, according to the 
surfactant concentration, as discussed below. 

It has been pointed out [14] that sonication 
of phospholipid dispersions leads mainly to 
small unilamellar vesicles (SUV, lo-100 nm), 
but according to the aim of this study, neither 
actual liposome sizes nor their loading capacity 
were evaluated. 

The c.m.c. of surfactants was determined 

Turbidity variations were measured in order 
to study the solubilization of phospholipid 
vesicles by the tested surfactants (Figs l-3). 
After an initial increase. the turbidity de- 
creased gradually and almost linearly. The 
increase of turbidity observed at low surfactant 
concentrations was interpreted as an incor- 
poration, without disruption, of surfactant 
monomers by the liposomes; the further 
addition of surfactant led to a decrease of 
turbidity related to the fragmentation of the 
vesicle structure and finally to the formation of 
mixed micelles [5, 13, 171. For all tested 
surfactants complete disintegration of lipo- 
some structures occurred well above their 
c.m.c.; concentrations of about 10 times the 
c.m.c. were needed for CTAB and SDS, 

Table I 
The c.m.c. of surfactants determined under different conditions 
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c.m.c. in HEPES and P90 
c.m.c. in water* c.m.c. in HEPES (0.3 mg ml-‘) 

Type of surfactant (mW (mW (mM) 

CTAB I .o 0.2 0.1 
SDS 8.0 6.0 1.0 
Triton X-100 0.25 0.25 0.25 

*These values are in good agreement with those reported in the literature [8, 151. 
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Figure I 
Effect of increasing CTAB concentration on the turbidity 
of liposome dispersions. Turhidity changes are expressed 
as the ratio of the value observed in the presence of 
surfactant to that of the reference (i.e. without surfactant). 

whereas in the case of Triton X-100 a concen- 
tration 100 times above the c.m.c. must be 
attained in order to have only mixed micelles. 

Cationic sitrfactant 
The absorption spectrum of calcein was 

significantly affected by the presence of 
CTAB. The range of concentrations that was 
investigated (0.1-5 mM) was limited by CTAB 
solubility. Figure 4 indicates how the addition 
of this cationic surfactant caused a batho- 
chromic shift of the absorbance maximum 
(A,,,) that reached about 13 and 7 nm, in 
HEPES and in water, respectively. This shift 
remained almost constant above the surfactant 
c.m.c. It is interesting that a similar shift of 
A,;,, can also be obtained, without surfactant, 
by increasing the dye concentration in solution, 
i.e. by affecting its dissociation [14]. 

Besides this variation of the maxima, a slight 
decrease (never more than 4%) of absorbance 

g =- 1.00 

E 
5 c 0.60 w .? 
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2 0.60 

values, determined at the corresponding A,,,, 
was detected only below the c.m.c. values, 
whereas the absorbance remained constant at 
higher concentrations. 

For fluorescence measurements the ob- 
served shift in A,;,, led to an increase of the 
wavelength corresponding to the maximum of 

0.40 
emission (from 516 up to 527 nm) and, at the 

0 10 20 30 40 50 same time, the fluorescence intensity consider- 
SDS Cone (mM) ably decreased with a minimum corresponding 

to c.m.c. This decreased fluorescence was 
Figure 2 
Effect of increasing SDS concentration on the turbidity of 

observed using either an excitation wavelength 
liposome dispersions. Turbidity changes are expressed as corresponding to the absorption maximum 
the ratio of the value observed in the presence of surfactant previously evaluated, as reported in Fig. 5, or 
to that of the reference. the fixed value of 491 nm. 
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Figure 3 Figure 4 
Effect of increasing Triton X-100 concentration on the Effect of increasing CTAB concentration on the absorb- 
turbidity of liposome dispersions. Turbidity changes are ante maxima (h,,i,,) of lK5 M calcein in water. in the pH 
expressed as the ratio of the value observed in the presence 7.5 HEPES (IO-’ M) buffer alone and in the presence of a 
of surfactant to that of the reference. sonicated dispersion of P90 (0.3 mg ml-‘). 
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Figure 5 
Effect of increasing CTAB conccntriltion on the fluor- 
escence intensity of IO-” M c;llccin in wter and in the pH 
7.5 HEPES (IO-.’ M) buffer. Fluorescence changes are 
expressed as the riltio of the wluc observed in the prcsrncc 
of surfactant to that of the reference. The ilhsorhance A,,,.,, 
was used BS the excitation wavelength and each time the 
emission wavelength was appropriately checked. The 
values refer to the corresponding maximum value 
obtained. 

It must be pointed out that effects on A,,;,,. 
absorption and fluorescence similar to those 
induced by CTAB were obtained also in the 
presence of other cationic surfactants like 
benzalkonium chloride; in contrast, the 
presence of other substances having the same 
charge but not behaving as surfactants (e.g. 
trimethylammonium and triethylammonium 
chloride/bromide) did not affect the spectral 
behaviour of calcein. It may consequently be 
assumed that the observed effects cannot be 
simply related to electrostatic interactions 
between the dye and the surfactant molecules. 

The same measurements on the spectral 
behaviour of calcein were repeated in the 
presence of P90, after sonication. Results 
obtained in the HEPES buffer are reported in 
Fig. 4 where it is shown how the A,,;,, value 
again increased with increasing CTAB concen- 
tration. At the same time. fluorescence and 
absorbance decreased accordingly (Fig. 6). All 
the observed variations were this time less 
sharp than those detected without 
phospholipids. 

A comparison between turbidity and spec- 
tral behaviour indicates that the main vari- 
ations in the photophysical properties of cal- 
cein took place before the complete trans- 
formation of liposomes into mixed micelles. 

Anionic surfacfant 
In Figs 7 and 8 the absorbance and fluor- 

escence of calcein determined in the presence 
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Figure 6 
Effect of increasing CTAB conccntr;ltion on rhc ;d-wrh- 
;Ince (A) and fluorescence (F) values of IO- M calcein in 
the pH 7.5 HEPES (IOY’ M) huffcr in the prcscnce of ;1 
sonicated dispersion of P90 (0.3 mg ml-‘). Ahwrhancc 
and tluoresccncc ch;lngcs ;irc cspressed as the ratio of the 
value observed in the presence [,I’ surf;lctant I~, that of the 
reference. The ;~bsorhancc w;is determined at the corrc- 
sponding A,,,,,, WILE llnd this VW i11w used as the cscitiltion 
wavelength in fluorescence mc~surcmcnts. Each time the 
emission wnvelen~th was ;Ippropriately checked and the 
values rcfcr to the corresponding maximum wluc 
ohtaincd. 

of an anionic surfactant (SDS) are reported. 
respectively. The experimental conditions 
were the same as those reported above, but a 
larger range of surfactant concentrations (l- 
40 mM) was investigated in order to include its 
c.m.c. value. Absorbance measurements were 
performed at 491 nm because SDS, below and 
above its c.m.c., did not affect the A,;,, value 
of calcein; 491 nm was also used as the 
excitation wavelength for fluorescence 
measurements. It was observed that in the 
HEPES solution the presence of this anionic 
surfactant did not induce appreciable vari- 
ations of absorbance and fluorescence. but in 
water both absorbance and fluorescence 
intensity appreciably decreased with increasing 
SDS concentration. 

The difference in spectral behaviour 
between the buffered and the non-buffered 
calcein solution can be simply interpreted in 
terms of SDS hydrolysis [ 181 which affects pH 
and consequently the spectrum of the dye [IO]. 
The same experiments carried out without this 
surfactant but in calcein solutions, buffered at 
the same value as a 2 x lo-’ M SDS solution in 
water, gave results that were similar to those 
obtained with SDS in water. 

As expected, in sonicated dispersions of P90 
in HEPES, no appreciable changes in fluor- 
escence or absorbance were detected. 
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Figure 7 
Effect of increasing SDS concentration on the absorbance 
of 10.’ M calcein in water and in the pH 7.5 HEPES 
(ItI-’ M) buffer. Absorhancc changes are expressed as the 
ratio of the value observed in the presence of surfactant to 
that of the rcfcrcnce. The ahsorhancc was detcrmincd al 
the wavelength of WI nm. 
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Figure 8 
Effect of increasing SDS concentration on the fluorescence 
intensity of IO-c M cabin in water and in the pH 7.5 
HEPES (IO- M) buffer. Fluorcscrnce changes are 
expressed as the ratio of the value observed in the presence 
of surfactant to that of the refrrcncc. Excitation and 
emission wavelengths were JYI and 516 nm, respectively. 

Non-ionic surfrctant 
Within a Triton X-100 concentration of 

0.05-l mM. no variations of calcein absorp- 
tion maximum and absorbance values were 
detected. On the other hand. a sharp decrease 
of fluorescence intensity (X,, = A,,,,,,; A,,, = 
516 nm) was correspondingly observed in the 
presence of this non-ionic surfactant (Fig. 9). 
This decrease, that was less in HEPES than in 
water, starts well below the Triton c.m.c. and 
then remains almost constant. 

When the same measurements were per- 
formed after sonication in the presence of P90, 
no variations of the results reported in Fig. 9 
were observed. 

Results so far reported refer to experiments 
performed a few minutes after the preparation 
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Figure 9 
Effect of increasing Triton X-100 concentration on the 
fluorescence intensity of IO-’ M calcein in water and in the 
pH 7.5 HEPES (IO-’ M) buffer. Fluorescence changes are 
expressed as the ratio of the value observed in the presence 
of surfactant IO that of the reference. Excitation and 
emission wavelengths were JYI and 516 nm. respectively. 

of the samples; however, it must be considered 
that micelles and. even more, liposomes may 
undergo considerable structural variations with 
time and that spectral properties of the dye 
interacting with such aggregated forms could 
be correspondingly affected. Consequently, 
A,,,;,,. absorbance and fluorescence were again 
determined. on each sample, 24 and 72 h after 
its preparation. In no case were appreciable 
variations of these spectral properties 
detected. 

Conclusions 

The observed changes in the spectral be- 
haviour of calcein in surfactant solutions can be 
explained mainly in terms of micellar effects 
[S]. However, the reported results showed that 
the photophysical properties of calcein were 
influenced even below the c.m.c. This effect, in 
the case of hydrophobic tluorescent probes, 
was explained by the formation of premicellar 
aggregates [a]. For calcein. i.e. a hydrophilic 
molecule. the different shape of some curves 
(CTAB in water, in HEPES or in the presence 
of P90) can be related to the slight but 
significant reduction of c.m.c. induced by the 
buffer and/or by the phospholipids [7, 181. This 
suggested hypothesis is considered to be in 
accordance with the observation that the 
presence of substances with the same charge of 
CTAB but not leading to the formation of 
micelles showed no effect on calcein spectral 
behaviour. Besides a complete explanation of 
the mechanisms involved, these results clearly 
indicate how the presence of surfactants may 
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remarkably affect the absorbance and fluor- 
escence behaviour of a dye that often must be 
quantitatively determined for the evaluation of 
the properties of phospholipid vesicles. Thus, 
for these systems, absorbance and fluorescence 
should be carefully checked each time under 
the appropriate experimental conditions in 
order to calculate the actual dye con- 
centrations. 
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