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Eosin (EOS) and its synthetic ester derivatives have adequate properties to be employed as histological markers
for and as drugs for photodynamic therapy. However, they present a very complex protolytic and tautomeric
equilibrium that reflects on their photophysical properties. Hence their biomedical applications are strongly af-
fected by the medium's pH, charge and hydrophobicity. In this study, we evaluated the effects of two neutral
(Pluronic® F-127 and P-123) and two ionic (anionic SDS and cationic CTAB) surfactantmicelles as a simplemem-
brane model on the protolytic/tautomeric equilibrium of EOS and its ester derivative dyes. Multivariate analysis
based on Q-Imbrie's factor and the K-matrix method on the electronic absorption spectroscopy data in different
pH conditions allowed for theunderstanding of the complex protolytic/tautomeric equilibrium, and the influence
of medium microenvironment on the EOS dyes at each pH. Our results demonstrated that, when close to physi-
ological pH (~7.4), and electrostatic attraction towards cationic surfaces favor dyes locating close to themicelle's
(biomembrane model) interface, where their biomedical applications are favored. Therefore, the analysis in dif-
ferent environments shows that the interactions of EOS and its derivativeswith biomembranes canbemodulated
based on the hydrophobicity of the xanthene derivative and the cell membrane charge.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Eosin Y (2,4,5,7-tetrabromofluorescein) is a halogenated xanthene
dye derivative widely used in histological examinations to stain
cytoplasm, red blood cells, collagen,musclefibers andmainly to counter-
stainhematoxylin [1]. Besides that, recent studies havebeendemonstrat-
ing that halogenated xanthenes have strong activity in antimicrobial
Photodynamic Therapy (aPDT) [2–6]. This phototherapeutic modality
uses a light-activated photosensitizer (PS) to produce reactive oxygen
species, especially singlet oxygen (1O2), which trigger the inactivation of
different microorganisms [2,7–9]. In both scenarios, the interaction of
EOSwith cell structures is of great interest.

In a general, interactions of the drugs andmembranes dependon the
charge of the compound and of themembrane at a specific pH [10]. De-
spite most human cells' membranes have a neutral to the slightly posi-
tive surface charge [10–13], tumor cells can present negative surface
freitas@gmail.com
charges as a result of the secretion of a large amount of lactate due to
the increase in the level of glycolysis [11]. For antimicrobial applications
in aPDT, it is noted that microbial membranes commonly present nega-
tive surface charges [14].

The pH condition plays a pivotal role for EOS, since it presents acid-
base groups, leading to complex protolytic and tautomeric equilibria
[15–17], as illustrated in Fig. 1. It is worthmentioning that the xanthene
ring of EOS is the chromophoric part of themolecule, while the benzoic
ring behaves almost independently [16]. Moreover, the neutral (NE)
species presents three tautomeric forms: the quinoid (NEQ); the lactone
(NEL) and the zwitterionic (NEZ - not shown), themonoanionic species
(MA) exhibits two tautomers: the carboxylate (MAC) and the phenolate
(MAF) forms, and the dianionic species (DA) is present only as a tauto-
meric structure. The presence of halogen atoms in xanthene dyes in-
creases the acidity of their phenolic groups and results in the pKa-OH of
EOS (2.02) in water being much lower than that of the non-
substituted xanthene dye Fluorescein (6.10) [18]. In addition, it is
noted that in liquid solutions for these halo-xanthenes, only NEL and
NEQ tautomers are usually considered [15,17]. In general, it was
demonstrated for xanthene-based dyes that the lactone form prevails
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Fig. 1. Protolytic and tautomeric structures for EOS dyes. For ester derivatives, the group COOHor COO− is replaced by COOR,where R=CH3, R=C4H9 ou R=C10H21. The structureswere
proposed based on [15,18].
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in non-protic organic solvents and with low dielectric constants, while
the quinoid NEQ is favored in polar solvents such as water [19].

In aqueous media at pH 7.4 (physiological pH), EOS is a dianionic
protolytic species, presenting high singlet oxygen quantum yield
(ϕΔ

1O2) and high absorptivity (ε) in the visible region [17,20]. Despite
its high ϕΔ

1O2, the hydrophilic characteristic of EOS hampers its photo-
dynamic application due to its limitations to penetrate the hydrophobic
cellular membrane [21]. In order to overcome this problem, we synthe-
sized hydrophobic ester derivatives by inserting methyl (EOSMET),
butyl (EOSBUT) and decyl (EOSDEC) alkyl groups in the carboxylic
part of the EOS [21,22]. Since the ester's derivatives do not present the
carboxylic group, their equilibrium is easily recognized between NEQ
and MAF (Fig. S1).

The synthetic ester derivatives presented a high partition coefficient
(Kp) in water/octan-1-ol mixtures [21,22], which indicates a more
favorable interaction of them with hydrophobic cell membranes. How-
ever, the alkyl chains increase dye hydrophobicity and result in self-
aggregation in aqueousmedia for EOSBUTand EOSDEC [23,24]. Previous
studies demonstrated that the non-ionic Pluronic® copolymer F-127
and P-123 micelles can effectively encapsulate and solubilize EOS and
its ester derivatives, acting as drug delivery and biomimetic system as
well [21–23]. In addition, anionic sodium dodecyl sulfate (SDS) and
2

cationic cetyltrimethylammonium bromide (CTAB) were employed in
these studies as simple models of membranes [21–23]. It is noteworthy
that EOS and its esters have been studied as pH probes [25,26].

Despite the knowledge of the physicochemical behaviors in each
medium, very few studies describe the pH-dependent equilibria for
eosin derivatives encapsulated in micelles of different charges [21,23].
Therefore, here we performed the evaluation of the protolytic and
tautomeric equilibria of EOS and its ester derivatives in the presence
of micellar micro-heterogenous media of non-ionic (Pluronic® P-123
and F-127) and ionic (SDS and CTAB)micelles. Due to the systems' com-
plexity, pKa determinations were evaluated by Multivariate Analysis, a
powerful tool for understanding difficult equilibria [27–30].

2. Materials and methods

2.1. Materials and sample preparation

All solvents employed were of analytical grade and used without
further purification. Eosin Y (EOS, Vetec) had its purity confirmed at
1H NMR (300 MHz). In addition, all ester derivatives were synthesized
according the literature [21,22,31]. The dyes were characterized by 1H
(300 MHz) and 13C (75 MHz) NMR in a Varian Mercury Plus BB



Table 1
pKa and ΔpKa of EOS and its ester derivatives in aqueous non-ionic micellar media of P-
123 and F-127.

Compound Group P-123 F-127

pKa ΔpKa
a pKa ΔpKa

a

EOS pKa-OH 2.69 ± 0.08 0.67 2.76 ± 0.05 0.74
pKa-COOH 6.48 ± 0.05 2.68 5.63 ± 0.11 1.83

EOSMET pKa-OH 2.17 ± 0.05 0.07 2.20 ± 0.02 0.18
EOSBUTb pKa-OH 2.19 ± 0.04 0.08 2.15 ± 0.02 0.13
EOSDECb pKa-OH 2.52 ± 0.01 0.41 2.60 ± 0.01 0.58

a ΔpKa calculated using Eq. (2) and pKa in water from [17].
b For EOSBUT and EOSDEC dyes the pKa value in water considered was the same as for

EOSMET (pKa = 2.11).
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spectrometer in DMSO‑d6 (Merck), and by FT-IR spectroscopy
performed in an Thermo Nicolet Nexus 470 FT-IR (data from both
not shown). SDS (C12H25O4SNa, MW = 288.4 g mol−1), CTAB
(C19H42NBr, MW = 364.5 g mol−1), F-127 ((PEO)100(PPO)70(PEO)
100, MW = 12,600 g mol−1), and P-123 ((PEO)19(PPO)69(PEO)19,
MW = 5750 g mol−1) (molecular structures presented in Fig. S1)
were purchased from Sigma-Aldrich and previously desiccated
under vacuum for 24 h.

2.2. Spectrophotometric analysis

The absorbance measurements were performed using a Beckman
Coulter DU 800 spectrophotometer with a Peltier system for tempera-
ture control at 30.0 °C for all measurements. The stock solution of EOS
was prepared in deionized water, whereas the solution for the ester de-
rivativeswas prepared in DMSO. The stock solutions of surfactantswere
freshly prepared in water in concentrations of 1.0 × 10−3 mol L−1.

For each surfactant, approximately 40 samples were prepared at pH
values between 0.0 and 10.0. In all experiments, thefinal surfactant con-
centration was 1.0% w/V. That corresponds to SDS = 5.0 × 10−3 mol
L−1; CTAB = 4.0 × 10−3 mol L−1; P-123 = 1.7 × 10−3 mol L−1 and F-
127 = 7.9 × 10−4 mol L−1, which are all above their CMC at present
work condition [22,32]. The analytical concentration of each dye was
5.0 × 10−6 mol L−1, respecting the linear range of Lambert-Beer law
(300–800 nm). For the stock solutions prepared in DMSO, the aqueous
analytical solutions contained no more than 1.2% DMSO (V/V).

Solutions of different pHwere prepared by dilutions of standardized
solutions of HCl (pH 0 to 2), Mcllvaine buffer (pH 2 to 8) and borate
buffer (pH 8 to 10), as previously described [24]. In all samples, the
ionic strength was controlled by the addition of [NaCl] =
0.10 mol L−1. It is worth mentioning that for SDS solutions, an Ag/
AgCl modified electrode with [NaCl] = 3.0 mol L−1 was employed to
avoid the complexation of SDS and potassium ions.

2.3. Determining apparent protolytic equilibrium constants (apparent pKa)

All electronic spectra were analyzed byMASDA (Multivariate Analy-
sis of Spectroscopic Data), a chemometric software package based on
the Q-mode methodology and K-matrix Method, written in the Fortan
language [29,30]. The software was developed in the Laboratory of
Chemometrics and Natural Sciences at the State University of Londrina,
Paraná, Brazil [22]. From the output files fromMASDA, the relative con-
centrations of the species were calculated in each protolytic system to
obtain the pKa values [33]. Furthermore, it is noteworthy that the exper-
imental pKa values determined herein are influenced by the colloidal
system, which is referred to as apparent pKa [24,34]. For EOS, only the
two protolytic equilibria between neutral/monoanionic (pKa1) and
monoanionic/dianionic (pKa2) species were considered. For the EOS
ester derivatives, the balance between neutral (NEQ) and monoanionic
(MAF) (pKa1) was evaluated.

After apparent pKa calculation,we constructed the curves of the pure
protolytic species for each pH by describing the relative concentrations
with the Henderson-Hasselbalch equation [35]. Spectra of the pure
protolytic/tautomeric species were also obtained through the applica-
tion of the K-matrix method [29], which allowed for the calculation of
themolar absorptivity of each protolytic species. For a quantitative eval-
uation of the effect of the micellar micro-heterogenous media on the
protolytic balance, ΔpKa values were calculated according to Eq. (1):

ΔpKa ¼ pKa apparentð Þ−pKa H2Oð Þ ð1Þ

TheΔpKa is the difference of the pKa in themicellarmedia compared
to the aqueous media from the reference data [17]. For EOS, the pKa in
water was pKa-COOH: 3.80 and pKa-OH: 2.02 [17] and for EOSMET the
pKa-OH was 2.11 [17]. As an approximation, the pKa of other ester deriv-
atives in water was considered the same as the EOSMET [17], since long
3

chain alkyls are generally spatially far from the ionizable phenolic group
and, due to EOSBUT and EOSDEC, present self-aggregation in aqueous
media [23].

The impact of non-ionic micellar systems on pKa was detailed by
the term ΔpKa-medium, which we associate with a common to all mi-
celles medium effect [34]. In the present work, P-123 was chosen as
a neutral medium because its surface potential is close to zero [36].
Thus, ΔpKa-P-123 was chosen as ΔpKa-medium. For ionic micelles,
there is a contribution of their charge to the pKa values due to the
electrostatic interaction of the dyes with their charged heads,
which can be described by Eq. (2) [37]:

ΔpKa−el ¼ ΔpKa−ΔpKa−medium ð2Þ

where ΔpKa-el corresponds to the electrostatic effect promoted by the
ionic surfactant on the pKa, and ΔpKa is the experimentally measured
difference of the experimental pKa relative to the value of pKa in ionic
micelles of SDS or CTAB and in water (Table 1).

The Boltzmann equation gives us the relationship between the con-
centration of protons in the bulk of the aqueous solution ([H+]b) and on
the surface of themicelle ([H+]o) for a given surface potential of themi-
celle (ψo), as described by Eq. (3) [34,37,38]:

Hþ� �
o ¼ Hþ� �

b exp : −e:ψo=kT½ � ð3Þ

where e is the elementary charge, k is the Boltzmann constant and T is
the absolute temperature. The previous equation leads to the following
relationship that exists between the intrinsic and apparent changes in
the pKa values, described by Eq. (4) [34,37,38]:

e ψo ¼ −2:3 kT ΔpKa−ΔpKa−elð Þ ð4Þ

From the ΔpKa and energy values, it was possible to estimate the
electrical potential ψo that is affecting the ionizable group and obtain
an approximate relationship of the position of these groups in the mi-
celles [34,37,38].

2.4. Determining tautomeric equilibrium constants (KT)

The experimental tautomeric equilibrium constants (KT) were re-
cently calculated by our research group in homogenous [16] and in a
microheterogenous media [24]. For EOS, there are some essential con-
siderations for the determination of the KT values, as already described
for other xanthene dyes [39]:

(i) NEL is colorless (εNEL = 0);
(ii) the substituent connected to C2, C4, C5 and C7 (Fig. S1) did not in-

fluence the visible absorption bands of the different EOS tauto-
meric species. This indicates the spectral equivalence using the
molar absorptivities ε EOS-NEQ = ε EOS-MAC, and ε EOS-MAF = ε
EOS-DA due to the identical molecular structure of their chromo-
phore rings;
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(iii) For the EOSMET, the neutral structure is phenolic (named MET-
NE), regardless of the medium, since the chromophoric moiety
is similar to the NEQ and MAC tautomers of EOS. Moreover, the
monoanionic form is a phenolate (named MET-MA), similar to
MAF and DA (Fig. 1);

(iv) There are equivalences in absorptivity, as follows:
εMET-NE = εEOS-NEQ = εEOS-MAC and εMET-MA = ε EOS-MAF =
ε EOS-DA, considering the similarities of the chromophoric groups.
This approachwas also applied to the other ester derivatives. Dif-
ferences inλmax of absorption among thedyes are small andhave
no significant effect in molar absorptivity of tautomeric species;

(v) The calculation of the molar fraction of tautomers (χ) was per-
formed as described in the literature [15,16,40], based on the
aforementioned considerations (i) through (iv). The absorptivi-
ties were considered those from the K-matrix analysis.

From the molar fraction χ, the tautomeric equilibrium constants KT

for the neutral species (KQ-L = χNEL/χNEQ) and for the monoanionic
(KM = χMAF/χMAC) were calculated.

3. Results and discussion

3.1. Non -ionic micelles of P-123 and F-127

3.1.1. Spectral profile
The electronic absorption spectra obtained in the determination of

the apparent pKa of EOS and its esters in micellar micro-heterogenous
media of P-123 and F-127 at different pH are shown in Fig. 2.
Fig. 2. Absorption spectra in non-ionic micellar medium at various pH (A) EOS in P-123; (B) E
[Pluronic] = 1.0% (w/V), [NaCl] = 0.10 mol L−1 and 30.0 °C.

4

EOS in P-123 in acidic media does not show absorption bands in the
visible region, indicating the prevalence of the NEL species, Fig. 2A. On
the other hand, there is a small absorption of EOS in F-127 (Fig. 2B),
with maximum absorption (λmax) at 477 nm, indicating that the NEL
and NEQ species coexist in equilibrium in acidic media. In both cases,
with the increase in pH (up to 6.0) an absorption band appears at
537 nm, which is related to the conversion of neutral species into
monoanionic. However, further increase in pH (between 6.0 and 8.0)
leads to a continuous increase in the absorption, and a hypsochromic
shift in relation to the band at 537 nm, which indicates the formation
of the dianionic species. Considering that it was reported that there is
a bathochromic shift of the absorption bandwhen xanthene derivatives
are present in low polarity mediums such as the interior of a micelle
[41], the observed blue shift indicates the displacement of dyes from
themicelle core to amicroenvironment of greater polarity. Thus, it is as-
sumed that with the increase in pH, and the predominance of the
dianionic species, EOSmolecules seems to be located in a more external
region of the polymeric micelle, possibly in the hydrophilic corona, as
previously reported in suppression studieswith iodide andfluorescence
lifetime studies [21,23].

The ester derivatives, exemplified by EOSBUT, presented remarkably
similar profiles in both P-123 and F-127 (Fig. 2C andD). Note that even in
the most acidic pH, the spectrum of the neutral species (λmax ~ 478 nm)
has a significantly higher intensity than that observed for EOS. This be-
havior can be associated exclusivelywith the existence of the NEQ tauto-
mer, since the alkylation of the carboxylic group forbids the formation of
the NEL tautomer. Thus, as is the case for EOS, the increase in pH led to
the appearance of an absorption band atλmax ~ 540 nm indicating a tran-
sition from NEQ to the monoanionic tautomer.
OS in F-127 (C) EOSBUT in P-123 and (D) EOSBUT in F-127; [PS] = 5.0 × 10−6 mol L−1,



C.F. de Freitas, B.M. Estevão, D.S. Pellosi et al. Journal of Molecular Liquids 327 (2021) 114794
3.1.2. Determination of pKa

Fig. S2A shows the fraction of the three protolytic species of EOS re-
sponsible for the visible spectral absorption in the evaluated pH range,
which corresponds to the existence of two pKa values referring to the
neutral/monoanionic and monoanionic/dianionic equilibria [17]. In the
case of ester derivatives, exemplified for EOSBUT in Fig. S2B, only two
species are observed due to the existence of a single protolytic balance.
Similar results were obtained in F-127 media (Fig. S3). In the Q-Imbries
Factor Analysis (FA), itwas found that two variables explain about 99.9%
of the total variance contained in the data for both EOS and EOSBUT in
P-123 and F-127 micelles (Tables S1 and S2). For EOS pKa attribution,
we considered that stronger spectral variations are related to the depro-
tonation of the phenolic group in the xanthene ring and compared it to
ester derivatives (only phenolic group deprotonation). The obtained
pKa form these results values presented in Table 1.

The results in Pluronic micelles demonstrated that the phenolic
group is the first to suffer deprotonation (higher acidity) to the detri-
ment of the carboxylic group (lower acidity), as previously observed
in pure water [17]. This is due to the strong electronic density removal
effect exerted by the bromine atoms present in the chromophoric re-
gion of the xanthene ring, leaving this regionmore susceptible to depro-
tonation than the benzoic region [17,21]. Furthermore, there is an effect
of negative charge stabilization throughout the xanthene ring [24]. On
the other hand, the deprotonation of carboxylic acid is less favorable be-
cause carboxylate negative charge presents less stabilization in a micel-
lar medium, since water molecules have greater difficulty in solvating
this charged region (considering that the dye is located inside the mi-
celles), which explains the greater pKa observed for the carboxylic
when compared to the phenolic group.

In addition, the pKa values of the EOS carboxylic/carboxylate balance
was higher (more basic) in P-123 than in F-127. This result is an indica-
tion that in P-123 the EOS is in a regionwith even less access to H+ ions
than in F-127. To explain this, we can use the PEO/PPO relation of the
two copolymers, whose values are 0.28 and 1.42 for P-123 and F-127,
respectively. It is noted that copolymer F-127 is more hydrophilic than
P-123, corroborating with the pKa values obtained.

The ester derivatives in both P-123 and F-127, in turn, presented
quite similar pKa values to those observed in H2O (ΔpKa values close
to zero) [17]. This indicates that these dyes are possibly found in a re-
gion where accessibility to H+ ions is very similar to that in water,
that region being the outermost region of the polymeric micelle (Stern
layer).

3.1.3. Spectra of protolytic pure species
Fig. 3 shows these spectra for EOS and EOSBUT in non-ionic micellar

systems inwhich it is possible to evaluate the changes in ε and displace-
ments of the maximum absorption bands.

From Table 2, for the EOS in P-123, the neutral species does not ab-
sorb radiation in the visible region and the neutral tautomer NEL is
themost abundant species. In F-127, on the other hand, the neutral spe-
cies slightly absorbs light, indicating a balance between the NEQ⇌ NEL
tautomers. In addition, the monoanionic species probably prevails as
the MAF tautomer, given the high absorptivity remarkably similar to
the dianionic species and values for ester derivatives (MAF tautomers).
Besides that, the monoanionic species have significantly lower absorp-
tivity in F-127 than in P-123. This reduction is an indication that there
is a MAC ⇌ MAF balance, as discussed in the section below.

3.1.4. Tautomerization constants
The quantification of the molar fractions of each neutral and

monoanionic tautomer for EOS is presented in Fig. 4.
By evaluating the EOS in P-123, it can be verified that the only neu-

tral species in existence is NEL (χNEL = 1.00), which is the most favor-
able neutral species for xanthene derivatives in an aprotic and low
polarity environment [40,42]. In F-127, on the other hand, there is in
fact a NEQ ⇌ NEL balance, shifted towards the NEL tautomer (KQ-L =
5

2.03), with the NEQmolar fraction of 0.33. In this case, the more hydro-
philic nature of the F-127 micelle (bigger PEO corona compared to
P-123) results in a small tendency for the formation of the NEQ tauto-
mer. Regarding EOS monoanionic species, MAF is the predominant
form in P-123 (molar fraction of 0.89), while in F-127 both MAC and
MAF species have almost similar molar fractions. It is discussed in the
literature that the carboxylic moiety of thesemolecules can be admitted
to be at the micelle interface, which could favor MAC formation [23].
Since F-127 is more hydrophilic than P-123, the carboxylic group of
EOS tends to bemore exposed to water molecules, favoringMAC tauto-
mer formation as demonstrated by the tautomerization constant KM of
8.09 in P-123 and 0.81 in F-127.

In general, tautomeric equilibria are simpler in P-123 than in F-127
since in P-123 EOS molecules tend to be allocated in a more homoge-
nousmedium,while in F-127 the dye's location at themicelle's interface
could favor more than one tautomer. The results obtained suggest that
the protolytic balance within the analyzed pH range for EOS in P-123
predominantly involves NEL ⇌ MAF ⇌ DA species, while EOS in F-127
can be described in terms of the species [NEL ⇌ NEQ] ⇌ [MAF ⇌
MAC] ⇌ DA.

On the other hand, tautomeric equilibria for eosin ester derivatives
are simpler. The neutral species of the ester derivatives showed ε con-
sistent with the NEQ tautomer, as well as the monoanionic species
with theMAF tautomer. In summary, for the present tautomeric species,
it is admitted that in the case of EOS ester derivatives, the balance occurs
between the neutral species NEQ⇌ MAF.

3.2. Ionic micelles of SDS and CTAB

3.2.1. Spectral profile
Fig. 5A suggests that neutral species of EOS interacts with SDS and

that it must be located more internally in these micellar micro-
heterogenous media. With an increase in pH, monoanionic species are
formed presenting spectra of λmax at 524 nm, with high intensity. At a
higher pH, a slight hypsochromic λmax shift to 517 nm and an increase
in absorbance are verified, very similar to what is observed in water
[17]. This similarity between the spectra suggests repulsion forces be-
tween anionic EOS species and the negatively-charged SDS micelles,
and it reflects its tendency to bepositioned in external regions of themi-
celle, similar to what is previously reported for the erythrosine xan-
thene dye in SDS [24].

On the other hand, the spectral profile of EOS in the CTAB (Fig. 5B) is
very similar to that in non-ionic micelles. At acidic pH, EOS is a colorless
solution, suggesting a predominance of the tautomeric formNEL, which
does not absorb visible light as a result of the loss of resonance in the
xanthene ring [19]. In addition, the spectra are red-shifted in relation
to SDS, indicating that the EOS is in the environment of less polarity [41],
probablyresulting fromtheNEL's localizationinthe insideofCTABmicelle
core. The increase in pH, the significant increase in EOS absorbance at
λmax = 538 nm reflects the formation of the coloured monoanionic
species. Further increase in pH provoked a hypsochromic shift of 12 nm
for λmax = 526 nm, resulting in the formation of dianionic species. This
phenomenon was already observed by Mchedlov-Petrossyan et al.
(1994), and the authors understood that amonoanionic form is preferen-
tially located in a nonpolarmedium such as the inside of themicelle [40].
On the other hand, the dianionic species is located in a morewater-rich
(andmore protic) microenvironment, like themicelle's Stern layer, due
to charge electrostatic repulsion.

The spectra of EOSBUT ester derivative in SDS (Fig. 5C) shows low
intensity bands with λmax at 480 nm in acidic media. As the pH in-
creases, there is bathochromic shift with a prominent λmax band at
531 nm. The spectra of ester derivatives present profiles similar to those
observed in non-ionicmicelles. Nevertheless, it is important to highlight
that the λmax for monoanionic species in SDS are shifted to blue, much
like the spectra obtained in P-123 and F-127. The ester derivatives in
CTAB (Fig. 5D) also behave similarly to those observed in non-ionic



Fig. 3. Apparent spectra of the species calculated by K-matrix method: (A) EOS in P-123, (B) EOS in F-127 (C) EOBUT in P-123 and (D) EOSBUT in F-127. [PS] 5.0 × 10−6 mol L−1,
[surfactant] = 1.0% (w/V), [NaCl] = 0.10 mol L−1 and 30.0 °C.
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micelles and in SDS, butwith both bands of the neutral andmonoanionic
species shifted to red, indicating incorporation into the micelles due to
electrostatic attraction of the anionic dyes and cationic CTAB micelles.
The red-shift is also observed in experiments with solvent effects and is
related to the decrease in the environment's polarity [41].
Table 2
Maximum absorption wavelength (λmax) molar absorptivity (ε) of the neutral (NE),
monoanionic (MA) and dianionic (DA) species for EOS and its ester derivatives in aque-
ous-micellar medium of P-123 and F-127 a 1.0% (w/V) and 30.0 °C, obtained with the K-
Matrix method.

Dye specie P-123 F-127

λmax

(nm)
ε
(103L mol−1 cm−1)

λmax

(nm)
ε
(103L mol−1 cm−1)

EOS NE – – 535 7.4
MA 538 83.8 536 51.1
DA 528 84.3 519 92.0

EOSMET NE 477 24.5 476 22.5
MA 540 91.1 538 86.4

EOSBUT NE 477 21.1 477 15.5
MA 541 83.5 539 77.2

EOSDEC NE 477 19.3 480 17.0
MA 542 76.3 540 75.0
3.2.2. pKa values and medium effect
The pKa values obtained for EOS and its ester derivatives in SDS mi-

celles are shown in Table 3. The Q-Imbries Factor Analysis (FA) and spe-
cies fraction in SDS are present in Fig. 4S and Table 3S.

The behavior of EOS in water is already well described, showing
inversion in the expected order of acidy of pKa. In this medium the
pKa-COOH is 3.80, which is higher than the pKa-OH of 2.02 [24]. EOS in
SDS micellar system presents the “natural” order of acidity between
phenolic and carboxylic groups, since the pKa-COOH is 2.43 and the pKa-

OH is 3.72. It is suggested that, in SDS micelles, the xanthene ring is lo-
cated close to themicelle surface, a region rich inH+, reducing its appar-
ent pKa. On the other hand, the carboxylic acid portion is entirely
towards water (hydrophilic portion of EOS molecule) and presents a
very similar pKa to water (ΔpKa = − 0.08, Table 3).

In general, the pKa values for EOS and its esters in SDS were higher
than the values obtained in water, as verified by ΔpKa values
(Table 3). From a theoretical point of view, anionic micelles (such as
SDS) attractH+ ions to their surface because they have negative electro-
static potential [34,37,38]. Thus, anionic micelles have a surface concen-
tration of protons (interfacial pH) greater than the analytical
concentration of the medium, facilitating the protonation of species in-
corporated into them, decreasing their apparent acidity. Considering a
6

compound that interacts with the micelle close to its surface, an in-
crease in pKa is expected because the acidic species (EH) tends to be
more stabilizedwhen compared to themore basic ones (E−) in equilib-
rium, due to a reduced repulsion of charges with the anionic micelle
[43], and also the possibility of hydrogen bonds to some extent.

In addition, it is observed that the values of ΔpKa are higher for
EOS ester derivatives and increased with dye hydrophobicity,
which corroborates with the idea of that hydrophobic interactions
favor thexanthenering's allocationclose to theSDSsurface (H+-ions-rich
microenvironment). This effect preferentially stabilizes theMAC species,
which justifies the order of pKa-COOH < pKa-OH.



Fig. 4. Tautomeric molar fraction of (A) neutral (NEQ and NEL) and (B) monoanionic (MAC and MAF) of EOS, in aqueous micellar media P-123 and F-127 1% (m/V), at 30.0 °C.
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The Factor Analysis and species fraction in CTAB are present in Fig. S5
and Table S4. EOS and its derivates present strong interactions due to
hydrophobic and electrostatic forces with CTAB. Their encapsulation in
CTAB micelles has already been addressed in the literature [21]. The
analysis of pKa-OH for EOS and all ester derivatives reveal values signifi-
cantly lower than those observed in SDS micelles (Table 3) and water
[15], characterized by a strong negative ΔpKa. CTAB cationic micelles
show amicro-local pH increase on their surface due to charge repulsion
Fig. 5.Absorption spectra of xanthenedyes in ionicmicellarmediumat various pH(A) EOS in SD
[SDS] = 1.0% (w/V), [CTAB] = 1.0% (w/V), [NaCl] = 0.10 mol L−1 and 30.0 °C.
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with H+ ions, which hamper the protonation of encapsulated species
that, in turn, decrease their apparent pKa [39]. Despite this effect, we ob-
served an unexpected increase in the pKa-COOH value of EOS (ΔpKa =
0.48) in relation to water. We suppose that the first deprotonation of
EOS (in the phenolic group) brings the dye to the micelle's surface,
due to electrostatic attraction, which exposes the benzoic group to ex-
ternal water molecules at the Stern layer, where deprotonation of
-COOH is favorable. Therefore, it is energetically favorable to first
S, (B) EOS in CTAB, (C) EOSBUT in SDS and (D) EOSBUT inCTAB. [PS]=5.0× 10−6mol L−1,



Table 3
pKa andΔpKa of EOS and its ester derivatives in aqueous ionicmicellarmediumof SDS and
CTAB.

Compound group SDS CTAB

pKa ΔpKa
a pKa ΔpKa

a

EOS pKa-OH 2.43 ± 0.08 0.41 0.14 ± 0.11 −1.88
pKa-COOH 3.72 ± 0.06 −0.08 4.28 ± 0.03 0.48

EOSMET pKa-OH 3.35 ± 0.04 1.33 0.17 ± 0.12 −1.94
EOSBUTb pKa-OH 3.37 ± 0.04 1.35 0.17 ± 0.10 −1.94
EOSDECb pKa-OH 4.10 ± 0.12 2.08 0.22 ± 0.13 −1.89

a ΔpKa calculated using Eq. (2) and pKa in water from [17].
b For EOSBUT and EOSDEC dyes the pKa value in water considered was the same as for

EOSMET (pKa = 2.11).
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deprotonate the phenolic group in the xanthenic ring, and then the car-
boxylic group in CTAB micelles.
3.2.3. Spectra of protolytic pure species
Fig. 6 shows the pure spectra of each species of EOS and EOSBUT ob-

tained with the K-matrix method. In addition, the values of λmax and
molar absorptivity (ε) for each protolytic specie are presented in
Table 4, which collaborates in elucidating the tautomeric species pres-
ent in the medium [30,33].

The spectra of the pure species for EOS (6A and 6B) and EOSBUT (6C
and 6D) in ionic micellar media of SDS and CTAB were consistent with
Fig. 6.Apparent spectra of the species in SDS calculated by K-matrixmethod: (A) EOS in SDS, (B
1.0% (w/V), [NaCl] 0.10 mol L−1 and 30.0 °C.
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the spectral profiles previously discussed in the two micellar systems.
The most prominent difference in spectra profile is in the EOS
monoanionic species, which presents an abrupt increase in absorptivity
in CTAB compared to SDS. In addition, another significant differencewas
noted between the spectra of the neutral form of EOS in relation to the
neutral form of its esters, which presented more overlapped bands and
higher intensity. Finally, it can be seen in Fig. 6B–D that the spectra of
the monoanionic species of EOS and EOSBUT are similar, indicating
that they present the same tautomeric form, while those of EOS in SDS
reflect a difference of equilibriumbetween themonoanionic tautomeric
forms.

From Table 4, it can be seen that the spectral parameters of the neu-
tral species of EOS are quite similar in the SDS and CTAB media, but the
neutral species of EOS presents slight bathochromic shifts compared to
those in the water media (470 nm) [17]. The observed bathochromic
change indicates the presence of the dye in a more nonpolar medium
than water, confirming that the dye is solubilized close to the micelle's
interface. The low value ofmolar absorptivity is related to the formation
of NEL, less polar structure than the NEQ.

EOS monoanionic species present greater differences between SDS
and CTAB. The profiles and ε values in the cationic surfactant are similar
to those observed in P-123 non-ionic micelles (Fig. 3A and Table 3), in-
dicating that the strong interactions with CTAB.

micelles lead toMAF formation. On the other hand, low absorptivity
and strong repulsions with SDS indicate the preference for tautomeric
MAC to form (see calculations in the next section). As for the dianionic
) EOS in CTAB, (C) EOSBUT in SDS and (D) EOSBUT in CTAB. [PS] 5 × 10−6 mol L−1, [SDS]=



Table 4
Maximum absorption wavelength (λmax) molar absorptivity (ε) of the neutral (NE), monoanionic (MA) and dianionic (DA) species for EOS and its ester derivatives in aqueous-micellar
medium of SDS and CTAB a 1.0% (w/V) and 30.0 °C, obtained with the K-Matrix method.

Compound Specie SDS CTAB Variationa

λmax (nm) ε(103L mol−1 cm−1) λmax (nm) ε(103L mol−1 cm−1) Δλmax (nm) Δε(103L mol−1 cm−1)

EOS NE 482 10.7 480 8.9 −2 −1.8
MA 519 33.4 540 102.9 +21 +69.5
DA 517 95.9 526 114.6 +9 +18.7

EOSMET NE 479 28.5 483 30.1 +4 +1.6
MA 530 81.3 539 114.6 −6 +33.3

EOSBUT NE 479 25.5 478 24.2 −1 −1.3
MA 531 75.0 540 109.3 +9 +34.3

EOSDEC NE 479 20.6 482 20.8 +3 +0.2
MA 529 74.6 539 102.1 +10 +27.5

a The differences between the values from SDS and CTAB.
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form in SDS, there was practically no variation in λmax in relation to the
water values (515 nm) [17]. It is clear that EOS is far from the micelles
due to electrostatic repulsion. Nevertheless, a significant red shift ob-
served in CTAB micelles reflects strong binding of DA (E2−) and CTAB
micelles.

The ester derivatives neutral forms present higher absorptivities in
bothmediawhen compared to EOS.Monoanionic species (MAF) showed
practically no changes in their Δλmax despite intense increase in molar
absorptivity. However, ε values are greater in CTAB than in SDS. This
increase in absorptivity is a result of the greater incorporation of
xanthene dyes into the cationic micelle and their repulsion of the
SDS surface to water. In fact, we observed that the values of ε fell
from EOSMET to EOSDEC in both ionic micelles, where it is believed
that a small percentage of dyes may self-aggregate, due to their
hydrophobicity. SDS and CTAB ionic micelles are relatively small
and may not accommodate all dye molecules in their cores, expel-
ling them into a water-rich medium where the dyes can self-
aggregate [23]. This effect is reinforced in SDS micelles, which
repel anionic dyes and enhance self-aggregation (lower ε values).
In this way, one of our currently ongoing studies has demonstrated
that for ERY and its analogous ester derivatives the dimerization
constant (KD) increases with the length of the alkyl chain.

3.2.4. Tautomerization constants
Fig. 7 shows themolar fractions of the neutral andmonoanionic tau-

tomers in SDS and CTAB.
Calculations of the tautomeric fractions showed that NEQ and

NEL are in equilibrium in SDS, but NEL is in a quite greater fraction,
represented by KQ-L > 1 (1.67). In CTAB the effect is even more
pronounced because KQ-L = 2.45. Thus, it is proposed that the
NEL form is the most stable in both micellar systems. In a previous
Fig. 7. Tautomeric molar fraction of (A) neutral (NEQ and NEL) and (B) monoanionic (MA
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experimental and computational study of EOS in homogeneous
mixtures of water/DMSO by our research group, we observed
that, in the NEL tautomer, the benzoic region of EOS presents a
“more negative” potential than the chromophoric region [16].
Therefore, in view of the repulsive effects, it is unlikely that the
benzoic region be located close to the negatively charged surface
of the SDS micelle. This effect orientated the chromophoric region
towards the micelle's surface, with the phenolic group directed to
a region rich in H+. In addition, it appears that the NEL species is
preferentially solubilized in the core of CTAB micelles, i.e., in a hy-
drophobic environment. In SDS, there may be two distinct regions
of localization: one more internal, stabilizing the NEL form and one
more external, stabilizing the NEQ form.

For monoanionic species, themolar fraction results from Fig. 7 show
that MAC is largely themajority (χMAC ≅ 0.97) in SDS, while MAF is the
major form in CTAB (χMAF ≅ 0.92). This KM result shows that MAF is
more favorable in CTAB than in SDS since 11.35 > > 0.10, indicating
the possibility of the occurrence of some electrostatic phenomenon be-
tween the micelles of SDS and the EOS, which favors the formation of
MAC to the detriment of MAF (see discussion below). The predomi-
nance of MAF over MAC in CTAB suggests that the low polarity in the
micelle's microenvironment preferentially stabilizes MAF due to its
greater dispersion of the negative charge by resonance in the chromo-
phoric group (xanthene part). In addition, there is also a contribution
to the electrostatic effects from the proton repulsion by the positivemi-
celle surface, which influences the protolytic balance and leads to very
high KM values.

In general, tautomeric equilibria are simpler in CTAB than in SDS,
since considerable repulsion forces are present in this system. The re-
sults obtained suggest that the protolytic balance within the pH range
analyzed for EOS in SDS predominantly involves [NEL ⇌ NEQ] ⇌ MAC
C and MAF) of EOS, in aqueous micellar media SDS and CTAB 1.0% (m/V), at 30.0 °C.
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⇌DA species, while those for EOS in CTAB can be described in terms of
the species NEL⇌ MAF⇌ DA.

3.2.5. Effect of the ionic environment
To evaluate and strengthen the discussions of the effect of the ionic

environment on the protonation of EOS and its ester derivatives, the
ΔpKa-el (Eq. (2)), which correspond to the electrostatic effect, were de-
termined. The obtained results are present in Table 5. To obtain the
ΔpKa-el values, we first need to determine the ΔpKa-medium associated
with a microheterogeneous hydrophobic medium effect common to
all micelles. It was supposed that, in the case of a non-ionic surfactant,
only the change due to the medium occurs, so the value of ΔpKa-medium

associatedwith the chosen surfactant is the same for all other evaluated
surfactants [34,44]. However, ionic micelles, such as SDS and CTAB,
present the effects of electrostatic attraction/repulsion, in addition to
hydrophobic interactions.

Table 5 shows positive values ofΔpKa-el and negative values of eψ for
EOS in anionic SDS micelles, while the values of eψ are positive to all
ester derivatives. For EOS pKa-COOH, the near-zero eψ and highly nega-
tiveΔpKa-el values clearly demonstrate that there is virtually no interac-
tionwith SDSmicelles and the carboxylic group is totally exposed to the
homogenous water medium due to the strong repulsion between an-
ionic EOS and SDS. Table 5 results demonstrate that pKa-OH equilibria
sensitivity to the medium increase as the dye hydrophobicity increases
due to hydrophobic interactions, and those interactions lead the
xanthenic ring closer to the micelle's surface, especially for ester deriv-
atives. eψ values demonstrated that the potential felt at the deproton-
ation site (phenolic group) is −75 mV for EOSMET and EOSBUT,
and− 101mV for EOSDEC, which is close to the potential of the SDSmi-
celles (−135 mV; [34]). This follows the same order of the increase in
pKa values (Table 3) and strengthens our presupposition that higher
hydrophobicity brings the ester molecules to themicelle microenviron-
ment despite the surface charge repulsion observed for EOS.

In CTAB, as previously discussed, a strong electrostatic attraction
takes place. Once again, the carboxylic group of EOS is less sensitive to
the medium (low ΔpKa-medium) and to the surface potential of the mi-
celle surface (negative values of eψ). On the other hand, the phenolic
group (and the xanthene portion of themolecule) are strongly attracted
to the cationic surface charge of the molecule. Here, the hydrophobic
contribution is less important since all phenol deprotonation sites feel
a potential very close to that expected for CTAB micelles (+148 mV;
[34]), so there is evidence of strong electrostatic attractive forces be-
tween the dyes and the surfactant. These results also strengthen our
previous discussion that the first deprotonation (at the phenolic
group) attracts the xanthenic portion of themolecule to themicelle's in-
terface, exposing the benzoic acid portion towards the external aqueous
medium. These results are very exciting and clearly demonstrate that
interactions between these molecules and biomembranes could be
modulated according to the cell membrane charge, tissue pH and dye
hydrophobicity, for potential biomedical applications.
Table 5
Values of ΔpKa-medium, ΔpKa-el e eψo for EOS and its ester derivatives in ionic micelles of
SDS and CTAB, at 30.0 °C.

Compound group SDS CTAB

ΔpKa-medium ΔpKa-el eψo

(10−3 eV)a
aeV)*eV)*

ΔpKa-el eψo

(10−3 eV)a

EOS pKa-OH 0.67 −0.26 −24 (16) −2.55 113 (153)
pKa-COOH 2.68 −2.76 5 (166) −2.20 −28 (133)

EOSMET pKa-OH 0.06 1.27 −79 (−75) −2.00 115 (119)
EOSBUT pKa-OH 0.08 1.27 −80 (−75) −2.02 115 (120)
EOSDEC pKa-OH 0.41 1.67 −125 (−101) −2.30 136 (160)

a In parentheses, the differences between the eψo values of the ionic micelle in relation
to the neutral micelles of P-123.
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4. Conclusions

In general, the chemometric analysis methodology was efficient in
determining the pKa values of EOS and its ester derivatives in the four
micro-heterogeneous media. The methodology also allowed us to ob-
tain the spectra of pure species and determine the molar absorptivity
coefficients. Regarding tautomeric equilibria, it is noted that they are al-
tered accordingly to the location of the dye in the micellar medium,
while the protolytic equilibria can be affected basically by two factors:
hydrophobic interactions between the micelle and the compound, and
electrostatic interactions in the case of micelles and ionic dyes.

The results obtained suggest that the protolytic balance within the
pH range analyzed for EOS in P-123 predominantly involves NEL⇌
MAF ⇌ DA species while, for EOS in F-127, it can be described in
terms of the species NEQ ⇌ [MAF ⇌ MAC] ⇌ DA. And it is possible to
represent the protolytic balance with the species [NEL ⇌ NEQ] ⇌ MAC
⇌ DA in SDS, and [NEL⇌ NEQ]⇌MAF⇌ DA in CTAB. The strong attrac-
tion between anionic dyes and cationic micelles bring the dye closer to
the micellar surface, showing that the ionic nature of the surfactant (or
cell membrane) is important in the location of the compounds. There-
fore, results presented here allowed inferring about EOS dye interac-
tions with different membranes at various pHs and may help tune
biomedical applications for these photosensitizing agents in cell stain-
ing or photodynamic therapy treatments.
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