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Abstract Five derivatives of 2, 3, 3-trimethyl-3H-
indolium containing different electron donor groups (HI
- H5) were synthesized for the determination of proteins.
H3, a sensitive red-emitting fluorescent probe, was found
for the discrimination of hydrophobic proteins from hy-
drophilic. The OFF - ON fluorescence switch of H3 was
caused by the formation of twisted intramolecular
charge-transfer (TICT) state when it combined with hy-
drophobic proteins in aqueous buffer. There was a good
linear relationship between the emission intensity of H3
and the casein concentration (» = 0.9989). Based on this,
a novel casein quantitative assay method was developed,
and the method was applied to determinate casein in
milk powder samples. Successfully, the results were in
good agreement with Biuret method. In addition, a sim-
ple and sensitive method was established to differentiate
and quantify three casein components (-, 3-, and k-
casein) due to their much different binding constants to
H3 probe.
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Introduction

Protein biochemists are searching for various ways to detect
proteins with high sensitivity and good binding linearity to
facilitate both qualitative and quantitative analysis [1, 2].
There are several methods to detect proteins as follows:
Biuret method [3], Lowry method [4], Bradford method [5],
Absorption and fluorescence spectrometry. Fluorescence
spectrometry is a conventional and highly sensitive analytical
method, with low background noises and wide dynamic
ranges [6—8]. Recently many fluorescent bioprobes based on
solvatochromic fluorophores [9], disassembly-induced emis-
sion [10, 11] and aggregation induced emission enhancement
(AIEE) [12, 13] have been developed for the detection of
proteins. Generally, the fluorescence of the bioprobes can
be enhanced and/or red/blue shifted by complexation
with proteins, thus enabling visual observation of the
biomacromolecular species. Most of the fluorescent probes
for proteins are based on their specific reactions, by which a
non-fluorescent substrate can be converted to a “turn-on”
product [14—17]. However, the reported fluorescent probes
usually suffer from several limitations, such as shorter emis-
sion wavelength which prevent it from in-vivo applications
due to auto-fluorescence from biological systems. One pros-
pect is the preparation of full-color fluorescent sensors that are
excited by visible light irradiation and fluorescence become
more visually perceptible and spectroscopically separated.
Cyanine-based probes have received immense attention
and been widely used as NIR fluorescent labels for biological
applications [18-20]. As a subgroup of cyanine dyes,
hemicyanines were widely used as label probes for biomole-
cules to provide rational signals when they noncovalent
interacting with biomolecules [21-23]. But their poor solubil-
ity in water limited their unique application in live systems.
Indolium, such as derivatives of 2,3,3-trimethyl-3H-indolium
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[24, 25], benzo[e]indoline [26] bearing strong electron-
withdrawing feature, 7t-conjugation with electro donor groups
were used as fluorescence probes for biomolecules because of
their good water solubility and long wavelength emission.
Pyridinium as 2-photon absorption fluorophore was also used
to perform noninvasive membrane staining [27]. Three
hemicyanine dyes containing N-(carboxyethyl)-2-
methylbenzothiazolium group and bearing different substitu-
ent could bind to bovine serum albumin and possess sufficient
high photostability [28]. Trans-4-[4-(dimethylamino)-styryl]-
N-methylpyridinium iodide (HC) was used to gain more in-
sight about reverse micelle interface properties [29].
Hemicyanine dye constructed with benzothiazolium groups
and terminal anilino groups was used in the selective fluores-
cent staining of RNA in live HeLa, KB and V79 cells [30].

In this paper, five derivatives of 2, 3, 3-trimethyl-3H-
indolium containing different electron donor groups (H1 -
HS, Scheme 1) were synthesized, and their spectral properties
as well as the changes of these properties upon the interaction
with proteins were studied. It was found that H3 could be built
as an efficient fluorescent probe for both discrimination of
hydrophobic proteins from hydrophilic and differentiation of
three components of casein (-, [3-, and k-casein) by their
much different binding constants. In addition, the rational
quantity determination for total casein, as well as three com-
ponents (-, 3-, and k-casein) was constructed based on the
sensitive fluorescence response of H3.

Experimental
Materials
4-(Dimethylamino)benzaldehyde, 4-(Diethylamino)benzal-

dehyde, 4-(Diphenylamino)benzaldehyde and 4-(1-
Pyrrolidino)benzaldehyde were purchased from Aldrich,

H1 H2 H3 H4

Scheme 1 Preparation of hemicyanine dyes H1 - HS

@ Springer

4-Dimethylaminocinnamaldehyde was from TCI. All oth-
er starting materials were obtained commercially as
analytical-grade and without further purification. Column
chromatography was performed with silica gel (mesh
200-300). Human serum albumin (HSA), bovine serum
albumin (BSA), egg albumin (EA), lysozyme (Lys), cyto-
chrome ¢ (Cyt ¢), myogolobin (Mb), hemoglobin (HDb),
casein, «-, f3-, and k-casein were all purchased from
Sigma. All these proteins were dissolved in phosphate
buffered saline (PBS, pH 7.4, 0.02 M) to prepare stock
solutions with concentrations of 0.1 mM and stored in a
refrigerator before use. The stock solutions (5.0 mM) of
compound H1 - HS were prepared in CH3CN.

Synthesis of five Hemicyanine Dyes

(E)-2-(4-(dimethylamino)styryl)-1,3,3-trimethyl-3H-indol-1-
ium iodide (H1), (E)-2-(4-(diethylamino)styryl)-1,3,3-
trimethyl-3H-indol-1-ium iodide (H2), (E)-
2-(4-(diphenylamino)styryl)-1,3,3-trimethyl-3H-indol-1-ium
iodide (H3), (E)-1,3,3-trimethyl-2-(4-(pyrrolidin-1-yl)styryl)-
3H-indol-1-ium iodide (H4), 2-((1E,3E)-
4-(4-(dimethylamino)phenyl)buta-1,3-dien-1-yl)-1,3,3-
trimethyl-3H-indol-1-ium iodide (HS5) were synthesized by a
simple one-step reaction (Scheme 1). Synthesis details and
characterization by 'H NMR analyses were shown in
supporting information (ESI). "H NMR spectra were recorded
on Bruker 400 NMR spectrometers using CDCl; as solvent.

UV-Visible and Fluorescence Measurements

UV-vis spectra were recorded on a Shimadzu UV-2600 spec-
trophotometer, with a quartz cuvette (path length 1.0 cm).
Fluorescence measurements were performed on a Hitachi
F-4600 spectrofluorimeter with slit widths were set at
5.0 nm and 10.0 nm for excitation and emission. The samples
were excited at appropriate wavelength, respectively.

Cyclic Voltammetry Measurements

Cyclic voltammetry was performed on a Autolab electro-
chemical work station (PGSTAT12). A three-clectrode ar-
rangement in a single cell was used for the measurement: a
Pt wire as the auxiliary electrode, a 2.0 mm Au plate electrode
as the working electrode, and a saturated calomel electrode
(SCE) as the reference electrode. The sample solution
contained 0.1 M Tetrabutylammonium Hexafluorophosphate
(TBAPF) as a supporting electrolyte in the solvent.

The Quantification of Casein in Milk Powder Samples

Three milk powder samples were purchased from supermar-
ket. Our pre-treatment procedures for milk powder samples
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were based on the reference [31] and the experimental details
are described as follows.

The pre-treatment for full milk powder: 1) 25 mg milk
powder was dissolved in 5 ml distilled water; 2) Milk solution
was centrifuged for 10 min at 5000 rpm and the upper layer of
fatty acid was peeled off; 3) Acetic acid (2 M) was added to
adjust pH to 4.7, casein would be deposited. The solution was
centrifuged for 10 min at 10,000 rpm to get the precipitate; 4)
The protein precipitate was rinsed with ethanol for 2 times to
remove adhered fatty acid; 5) The precipitate was washed with
distilled water for 2 times and resolved with PBS. A few drops
of 0.1 M NaOH were added to help solving the casein precip-
itate and the final volume for sample solution was 5 ml.
Finally, the pH was adjusted to pH 7.0 with 0.1 M acetic acid.

The pre-treatment for skim milk powder: The method
is same to the whole milk powder processing without
the step 2 and 5.

In this method, we mixed 30 pl prepared sample solution
with 1.0 mL H3 (4.0 uM). The fluorescence intensity was
recorded under the same experimental conditions. As a com-
parison, the evaluation based on Biuret method (Chinese GB/
T21676-2008; NY/T 1678-2008) was obtained.
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Results and Discussion
Spectroscopic Properties of H1 — HS in Different Media

The basic structures of the chromophores and auxochromes
determine the spectral properties of the functional dyes. The
bioactive trimethyleneindolium is adopted in all five com-
pounds, and different terminal aniline groups are selected be-
cause they create dramatic red shifts and possibly bring a
significant structural deformation of the chromophore mole-
cule when micro-surrounding change. The absorption and
emission spectra of H1 - HS (10.0 uM) in CH,Cl, are shown
in Fig. 1. All compounds exhibit a broad and structure-less
lowest-energy absorption band with large molar extinction
coefficients ranging from 46,000 to 82,000 M lem L
Considering the push - pull structures of these compounds,
their absorption bands are assigned as intramolecular charge
transfer (ICT) transitions. The very close values of A, for H1
- H4 indicate their similar donor strengths, and the significant
red-shift of HS is owing to the expanding 7t-conjugation with
stronger ICT. Except for H3, other four compounds emit rath-
er strong fluorescence, and the emission maxima of HS are

4000
CH, A, —H1
1 —H2
3200 4 H3
—H4
H5
.é- 2400 4
[72]
c
[}
S
£ 1600
-
(18
800 -]
o= . T
550 600 650 700 750 800 850
Wavelength (nm)
2400
PBS —_—H1
S H2
—H3
1800 —H4
H5
2
[72]
C 12004
o
2
£
-
TR
600 -
0 = - - &, e — -
550 600 650 700 750 800

Wavelength (nm)

Fig. 1 UV-Vis absorption and fluorescence spectra of H1 - HS in CH,Cl, or PBS buffer (pH 7.2-7.4). ¢y = 10.0 uM
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almost 100 nm higher than H1, H2 and H4 as expected. The
almost non-fluorescence of H3 indicates that the solvent re-
laxation in the excited singlet state of H3 is more significant
than in other compounds.

The spectra measurements of H1 - H5 in other solvents and
aqueous PBS buffer were conducted (Table S1). The A, of
these compounds is dependent on the solvent polarities. From
CH,Cl, to water, a negative shift is observed, 24 nm for H1,
while 44 nm for H3. For H3, the positive shift in weak emis-
sions can be found (from 612 nm in CH,Cl, to 621 nm in
buffer), and the stocks shift change from 1266 cm ! to
2981 cm ', The weak emission and enormous stokes shift of
H3 in polarity solution is probably due to the formation of the
twisted intramolecular charge-transfer (TICT) state [32] and a
rotational twist of the diphenylamino group relative to the
trimethyleneindolium.

To understand the relationship between the optical proper-
ties and the electronic structures, the HOMOs and LUMOs of
H1-HS5 were obtained by DFT/B3LYP/6-311G (d, p) calcula-
tions on the software package GAMESS platform [33, 34].
The electron densities of the HOMO levels of luminogens
are mainly localized at both ends of compounds, whereas
those of the LUMO levels are predominantly distributed at
connecting -C = C- and indolium group, showing explicit
ICT feature (Fig. 2). Especially for H3, the HOMO-LUMO
excitation move thoroughly the electron distribution from
diphenyamino moiety to the central -C = C- and indolium
group. Such cross-couplings result in strong transition dipole
moments between states and the enhancement of TICT [35].
These calculation results further testify the structural and elec-
tronic effects, and highly consistent with the spectral
characters.

Electrochemistry of H1 —H5

Cyclic voltammetry measurements were carried out to con-
firm the influence of different donors on the HOMO,
LUMO levels and energy gaps. As shown in Fig. 3, almost
all compounds exhibit three reversible single-electron redox
couples in CH,Cl,, corresponding to the successive reversible
oxidation of neutral to the radical trication. For H1, H2 and
H3, the oxidation peaks locate at 0.347, 0.712 and 1.24 V
successively, while the third oxidation peak of H4 and H5 shift

R L R L
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nomo%ﬂ'{ '-'M ";‘"{ Mi: ":?‘"{
H1 H2 H3 H4 HS

Fig.2 DFT (B3LYP/6-311G(d, p))-calculated molecular frontier orbitals
for H1 - HS. Surface isovalue: + 0.02
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Fig.3 Cyclic voltammograms of HI - H5. Scan rate = 0.1 V/s; solvent =
CH,Cl,, supporting electrolyte =0.1 M TBAPF, ¢j; = 1.0 mM

to 1.17V, 0.987 V, respectively. It suggests that they should be
more susceptible to the reaction with singlet oxygen and other
oxidation species which contribute to the photo-fading of
dyes. The higher HOMO and lower energy gap for H5 are
well consistent with experimental results and show that the
rising of HOMO energy levels is attribute to the expanding
7t-conjugation.

Responses of Fluorophores H1 — H5 to Proteins

To prove whether H1-HS could act as various protein sensors,
the fluorescence spectra of five compounds toward proteins
(Table S2) were investigated. As seen from Figs. S6, S7, S8,
S9 and S10, the responses of the fluorescence intensity value
of H1 - HS for various proteins are diverse and differentiable.
For H1, H2, H4 and H5, there are no obvious emission en-
hancements with addition of various proteins except casein.
Whereas, the quenched emission of H3 quickly recover in
different degree with increasing proteins (casein, HAS,
BSA, EA and Hb). Fluorescence response patterns of H1-H5
for various proteins were built. As shown in Fig. 4, 2.4 uM
proteins elicits about a fluorescence enhancement of H3 (~63-
fold for casein, ~45-fold for HSA, ~20-fold for BSA, ~9-fold
for Hb, ~7-fold for EA, respectively.). Casein is a hydropho-
bic protein [31], BSA and HSA both have hydrophobic
pockets, the hydrophobic interaction is possibly a main effect
for the binding process. The marginal affinities of H3 for other
bioanalytes (Mb, Lys, Cyt ¢) are because of the absence of
suitable hydrophobic cleft on their surface. By contrast, casein
induces less fluorescence enhancement (< 5-fold) for other
compounds. The above results demonstrate that H3 is highly
selective toward hydrophobic proteins through the OFF - ON
fluorescence response.

As shown in Fig. 5, compound H3 exhibits a significant
turn-on fluorescence signal with the addition of casein. To find
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Fig.4 Fluorescence response patterns of H1 - H5 on addition of proteins.
The relative fluorescence intensity of H1 - HS at their maximal emission
wavelength in the presence of 2.4 uM various proteins, ¢y - 4.0 M.
0.02 uM PBS, pH 7.0

out whether the restriction of intramolecular rotation plays any
role in the OFF - ON process, we studied the fluorescence
behavior of H3 in Triton X-100 micelle (TX-100). It is ob-
served the fluorescence emission of H3 enhances ~40-folds
and the emission blue shift with increasing TX-100 (Fig. S11).
As it is known that micelle system restricts the rotation and
vibrational mode of the molecule and ultimately suppresses
the TICT leading to fluorescence enhancement [36]. Casein
exists as special micellar structure in aqueous solution with the
assistance of hydrophobic interaction [31]. About 80 ~ 95 %
of the casein in milk is in the form of colloidally dispersed
particles, which are casein micelles [37]. Casein belongs to the
rapidly growing family of unstructured proteins which has
been attracted much of the interest recently [38]. Thus the
fluorescence enhancement of H3 is caused by binding to the
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Fig. 5 Fluorescence spectra of H3 before and after the addition of casein
from 0 to 8.0 pM (0 ~ 0.6 mg/mL )

hydrophobic pocket of casein (Scheme 2). As a result, H3 fails
to rotate freely and TICT gets restricted.

Quantitative Analysis for Casein by H3 Probe

The linearity of fluorescence intensity to proteins concen-
tration is an important concern for proteins quantification
when developing a new staining agent. The emission in-
tensity of H3 is plotted as a function of the casein concen-
tration, and a typical calibration graph of the response to
casein is shown in inset of Fig. 5. This plot shows a good
linear relationship between the emission intensity and the
casein concentration (» = 0.9989) up to 600 pg/mL of ca-
sein. The detection limit is 0.38 pg/mL (signal-to-noise
ratio was 3.0). The linear relationships between the emis-
sion intensity of H3 and other proteins concentration are
also obtained to construct the protein-to-protein (P-P) var-
iation (Table S2), which is obtained by the following equa-
tion: ratio = (slope of various proteins)/(slope of casein)
[1]. The response for casein is normalized to 1.00. It is
apparent that the P-P variations for H3 are much different
toward hydrophobic proteins. The reason may be due to the
differences of the hydrophobicity of proteins, as well as
their relative molecular mass values. The proteins with
high molecular mass are found to be higher P-P ratios.
Thus, we present a sensitive fluorescence probe for quali-
tative and quantitative analysis to casein.

Application of Casein Determination in Milk Powder
Samples

Rapid and direct determination of casein content in milk
has been a long wish for breeding organizations and the
dairy industry as well as for control laboratories [31]. We
have tried to quantify casein in real milk. Firstly, we test
the interference of common components in real milk. All
the potential interferences are prepared with a similar or
a little higher concentration (w/w) as in actual milk, re-
spectively. The interfering substances include surfactants
(hexadecyl trimethyl ammonium bromide (CTMAB),

Relax in PBS

?{ Turn-OFF

—_— Turn-ON

casein

H3 in PBS

Scheme 2 Turn - on mechanism of H3 in hydrophobic pockets of casein

H3-casein complex
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Table 1  The results of casein quantification in different milk powder Table 2  The binding constants K and thermodynamic parameters AG

samples for H3 with different casein

Manufacturer ~ Samples Casein in milk powder (g/100 g) Caseins R K(10*M™ 2@ (kJ/mol)

Biuret method ~ Proposed method «-Casein 0.995 9.99 -28.5

M ] Full milk 3 661 {3-Casein 0.999 1.46 -23.8
engniu v 7 ' k-Casein 0.998 7.04 277

Yili Skimmed milk ~ 17.87 18.67

‘Wandashan Skimmed milk  16.93 16.78

sodium dodecyl sulfate (SDS)), salts (NaCl, 5 %; KClI,
5 %), nitrogenous substances (melamine, 0.3 %; urea,
5 %) and fat (lecithin, 5 %). The fluorescence intensity
induce by the interferences are compared with that in-
duces by casein solution (casein, 5 %) (Fig. S12). From
the results, we can conclude that all the interferences
could hardly turn on the fluorescence of H3 except for
lecithin. Lecithin can form micelles in water, so it may
result in the H3 probe embedding in the hydrophobic
cavity of micelles.

With pre-treatment, we detected the samples and cal-
culated values according to the standard curve (shown
in inset of Fig. 5). The results are presented in Table 1.
For three milk powder samples, with the same sample
and same pre-treatment process, the absolute difference
of the results of H3 method and Biuret test is both less
than 10 % of corresponding arithmetic mean, indicating
that the results of our experiment are acceptable, and
the sensitivity, accuracy and precision of the fluores-
cence method are also satisfactory. Additionally, it is
affordable for most laboratories because of the normal
requirement, low equipment cost and easy operation.

0.020 .
= g-Casein
e pB-casein
A x-casein
0.015
>
E 0.010 -
-
0.005
0.000 _M—-
0.00 0.25 0.50 0.75 1.00

1/ [caseins] (10° M")

Fig. 6 Benesi-Hildebrand plot of 1/[/-1y] vs 1/[caseins] for binding of H3
(4.0 uM) to «-, 3-, and k-caseins
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Comparasion of Binding of H3 to three Casein
Components

Casein exists as micelles made of polypeptides known as «-,
[3-, and k-casein [37], which are almost similar in size, mo-
lecular weight (24 kD for «, 3, and 19 kD for k-casein) and
net negative charge but differ in their degree of unfoldedness
[39—41]. As seen from Figs. S13, S14 and S15, the spectra of
H3 exhibits a significant fluorescence enhancement with the
addition of «-casein, and then k-casein, whereas (3-casein
shows minimal impact. A quantitative estimate or the extent
of binding of H3 to different casein components is obtained
from an examination of the emission data on the Benesi-
Hildebrand (B-H) relation [42, 43].

1 1 1
I-Iy 1,—I, * (11—1o)K [casein]

(1)

In which /, and 7 are the emission intensities in the absence
of and at a certain concentration of casein, respectively. As
seen in Fig. 6, plots of 1/[I-Iy] vs 1/[caseins] produce a straight
line. A quantitative estimate of the binding constant K and the
free energy change AG for this process were determined and
presented in Table 2. The obtained binding constant (K) for «-

a
80
60 -

o
= o4 K
20
0
T L} T U T ! T L T L T
0.0 0.1 0.2 0.3 04 0.5

[Caseins] (mg/mL)

Fig.7 The fluorescence intensity /7, of H3 (4.0 uM) vs concentration of
o, [3-, and k-caseins
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Table 3 The results of linear

fitting of calibration curves and Caseins Linear equation R? Limit of Detection (png/mL)

the limit of detection values for

H3 with different casein The proposed method Ref'1 [47] Ref 2 [48]
«-casein /1y = 3.66 + 235 [Casein] 0.997 2.29 9.6 18.8
f3-casein I/Io = 1.11 + 15.5[Casein] 0.999 29.8 16.8 15.0
K-casein /1o = 2.49 + 99.7[Casein] 0.996 5.86 7.6 6.0

casein (9.99 x 10* M) is almost 7 times of that for [3-casein
(1.46 x 10* M ).

The different fluorescence responses of H3 toward three
casein components could be due to the structural discrepancy
between the proteins. As is known to all, x-casein contains
two tryptophan (Trp) residues (Trp-37, Trp-66 in o s1 -casein,
and Trp-193, Trp-109 in o s2 -casein), while 3- and k-caseins
have only one Trp (Trp-143 in 3- and Trp-76 in k-caseins)
[44]. In addition, a large amount of proline residues in (3-
casein would disrupt the formation of «-helical and (3-sheet
in aqueous media [45].

The separation and quantification of individual casein in
milk, cheese and other dairy products is a major task for sev-
eral years, since it can provide valuable informations [46]. In
our experiments, the quantitative analysis of «-, (3-, and k-
caseins can be performed by calibration curves (Fig. 7). Good
linear relationships are shown in a certain range for -, 3-, and
k-caseins, and the correlation coefficients are all above 0.995.
According to the equationD = 38/slope, the limit of detection
(LOD) values are calculated and shown in Table 3. The detec-
tion limits are 2.29, 5.86 and 29.8 pug/mL for «-, k-, and f3-
caseins, respectively. In compared with two casein quan-
tification methods based on high-performance liquid
chromatography (HPLC) (Table 3) [47, 48], the pro-
posed method owns advantages in precise and accurate,
and it is affordable for most laboratories because of low
equipment cost and easy operation.

Conclusion

The photophysical properties of five red-emitting fluorescent
probes (H1 - H5) were described in different media. The ab-
sorptions and emissions were assigned as intramolecular
charge transfer (ICT) transitions. Whereas, the formation of
twisted intramolecular charge-transfer (TICT) state of H3 re-
sulted in weak emission and enormous stokes shift in polarity
solution. The TICT restriction and fluorescence enhancement
of H3 were caused by binding to hydrophobic proteins, and P-
P variations for H3 were quite different for proteins. A good
linear relationship between the emission intensity of H3 and
concentration of casein was established for casein quantifica-
tion in milk samples, and the results of H3 probe method was
verified to be acceptable, selective and affordable as compared

with Biuret method. Moreover, H3 could be used to differen-
tiate and quantify three casein components (x-, (3-, and k-
caseins) because of their much different binding constants.
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